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 SENCE the observation of the intense phosphorylation of glucose and glycerol in 
kidney extracts [Kalckar, 1937, 1] further investigations have been directed 
towards obtaining more information about the nature of the products of phos- 
phorylation. The following organic substances are able to act as phosphate 
acceptors: adenylic acid, carbohydrates, glycerol and pyruvic acid. 


EXPERIMENTAL 


Methods. Inorganic P was estimated colorimetrically; acid-hydrolysable 
P was found by subtracting the inorganic P from the P present after 180 min. 
hydrolysis in N HCl at 100°. In the tables P determined is represented by 
Po, Poo, Poo Or Pigo, the subscript giving the number of min. of hydrolysis 
in boiling HCl. Triosephosphate (formed from hexosediphosphate in tissue 
extracts at 60°) was estimated as inorganic P after hydrolysis in N NaOH 
(Pax). Phospkopyruvie acid was estimated as inorganic P after hydrolysis 
in V/30 alkaline iodine [Lohmann & Meyerhof, 1934]; triosephosphate is not 
hydrolysed in V/30 NaOH. The adenylpyrophosphate was estimated by 
means of its easily hydrolysable phosphate (7 min. in V HCl at 100°, designated 
by P,). The fructose content was estimated by the method of Seliwanoff. The 
Seliwanoff reaction of fructosediphosphate is only 1/4 of that of free fructose. 
Dihydroxyacetonephosphate (or free dihydroxyacetone) was demonstrated by 
the method of Denigés [1909], i.e. instantaneous production of a purple substance 
in presence of conc. H,SO, and morphine. Pyruvic acid was estimated by the 
method of Clift & Cook, using the modification of Elliott e¢ al. [1935]: in presence 
of excess NaHSO, the pyruvic acid (and the trioses) react at room temperature 
to form bisulphite compounds. 

The phosphorylated pyruvic acid was estimated by the NaHSO, method 
after liberation of the P group by boiling in N HCl for 60 min. Since the keto 
group is combined with P, phosphopyruvic acid should not bind NaHSO,. The 
addition of Na,HPO, in exeess however will, in the presence of traces of I,, be 
able to liberate a definite amount of pyruvic acid which, converting L, into 
CHI,, liberates an equivalent amount of NaHSO,. A sample of phosphopyruvic 
acid (Dr Lipmann) showed the following quantitative properties: 

0-1 ml. solution contained 0-044 mg. iodine-labile P and exhibited by the 
NaHSO, method an [, consumption of: 


0-20 ml. V/200 I,, directly. 
0-62 ml. V/200 I,, after acid hydrolysis. Cale. 0-58 ml. N/200 I,. 


tepeated estimations on this ester all show a directly determined I, con- 
sumption of the sample of about 0-20 ml. V/200 I, which is fairly independent 
of the absolute amounts of phosphopyruvic acid. (The preparation is free from 
triosephosphates). In Table XII I have therefore added 0-20 to the difference 
between P,. and P, as a correction. 
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Preparations. I am indebted to Dr P. Ostern for a large gift of pure adenylic 
acid and for some of the adenylpyrophosphate used in my experiments; another 
specimen of adenylpyrophosphate which I prepared by the method of Lohmann 
was 40% pure. The fructose-6-phosphate (Neuberg ester) was made by the 
method of Neuberg [1918]. Phosphopyruvic acid was made by Dr Lipmann, to 
whom I express my thanks. The sample prepared by the synthetic method 
[Kiessling, 1936] was 40° pure. 

Experimental procedure. An aqueous extract of kidney cortex from rabbits or 
cats was used. The cortex was chopped in a cooled Latapie mill and the pulp was 
extracted for 5min. with an equal volume of 1/7/30 phosphate buffer (pH 8). After 
the extraction the mixture was centrifuged (cold) for 1-2 min.; the supernatant 
liquid which was red and turbid and without cell structure was used for the 
experiments. 1 or 1-5 ml. fluid was pipetted into an ice-cooled manometer 
vessel which contained 0-2 ml. 2% Nak. When the cortex was extracted with 
water the manometer vessel contained 0-5 ml. M/15 phosphate buffer (pH 8). The 
side bulb contained the phosphate acceptors (adenylic acid, sugars, glycerol etc.). 
In most of the experiments the vessel was filled with 100 °% O,, the CO, formed 
being absorbed by KOH. The extracts used to demonstrate the formation of 
unknown phosphate acceptors from malate were dialysed. The apparatus used for 
dialysis was a tilting board to which a bag of ce llophane was tied. However, since 
dialy sing for 3-6 hr. even at 0° very frequently destroys the ability to esterify 
(addition of coenzymes did not activate such extracts) the dialysis was replaced 
in most experiments by a washing of the chopped tissue. 


1. Adenylic acid as phosphate acceptor 
The phosphorylation of adenylic acid through anaerobic and aerobic oxido- 
reductions has been observed in yeast juice, muscle extracts and erythrocytes. 
In kidney extracts the ade nylie acid is phosphorylated only under aerobic 
conditions. The product of arenes is probably adenylpyrophosphate. 
The results are summarized in Table | 


Table I. Phosphorylation of adenylic acid 


Kidney from a me cat, extracted with M/30 Na,HPO,. Per sample: 1-5 ml. extract, with 
the addition of 0-2 ml. 2% NaF. Substrate: adenylic acid. Gas: 100% O,. 


» > > > 

1) Temp. 37°. Incubation: 40 min. : Po P, P, — Po 
Initial sample 1-28 ai os 
Incub. without substrate 0-70 0-86 0-16 
Incub. with adenylic acid (1-0 mg. organic P) 0-37 1-08 0-71 

(2) Temp. 25°. Incubation: 60 min.: 

Initial sample 0-88 0-93 0-05 
Incub. without substrate 0-60 0-89 0-29 
Incub. with adenylic acid, 18 mg. (2-4 mg. 0-08 0-88 0-80 


organic P) 


The samples incubated with adenylic acid exhibit an enormous increase in 
easily hydrolysable P, indicating formation of adenylpyrophosphate. As has 
been demonstrated for muscle extracts and yeast juice, adenylic acid acts as 
a system transferring P, the adenylpyrophosphate giving its labile P to carbo- 
hydrates. Similarly the transfer of P from adenylpyrophosphate to glucose 
might be a step in the phosphorylation of glucose in kidney extracts. It was, 
however, not possible to demonstrate a transfer of P from adenylpyrophosphate 


1 The r.Q. of such extracts is remarkably high, about 0-9 to 1 [Kalckar, Enzymologia, in 


the press]. 


eo 











PHOSPHORYLATION IN KIDNEY EXTRACT 633 


to glucose in kidney extracts incubated under aerobic conditions (Table II), 
the P,; value not decreasing in the presence of glucose. 


Table Il. Addition of adenylpyrophosphate and glucose to minced 
kidney cortex 


Rabbit kidney, chopped. Per sample: 500 mg. tissue, Additions: 0-2 ml. 2% NaF, 0-5 ml. 
M/15 Na,HPO,. Substrates: glucose, 40 mg. and adenylpyrophosphate (P;—P,=0-63, P)=0-30). 


Gas: 100% N,. Temp. 37°. Incubation: 60 min. ie a ai 
(corr. for Py 
Po P, in “AP”’) 
Initial sample 1:31 - — 
Incub. with adenylpyrophosphate 2-10 2-33 0-49 
Incub. with adenylpyrophosphate + glucose 1-96 2-25 0-35 


If P, — Py at £=0 was 0-63 mg. P the increases in P, agree fairly well with the decreases in the 
: - ) 


P, -P, 


[t is to be noticed that the adenylpyrophosphate is dephosphorylated in the 
incubated samples. Since the dephosphorylation of adenylpyrophosphate is 
not stopped by 0-2 % NaF the rate of phosphorylation of adenylic acid must be 
considerably higher than the rate calculated directly from Table I. 


2. Carbohydrates as phosphate acceptors 


Glucose and fructose. The data already reported [Kalckar, 1937, 1] on 
phosphorylation in kidney tissue show that glucose is phosphorylated at a 
considerable rate. Table III shows that fructose is also phosphorylated. 


Table Ill. Phosphorylation of fructose 
Kidney from cat, extracted with water. Per sample: 1-5 ml. Additions of 0-2 ml. 2% NaF and 
0-5 ml. M/15 Na,HPO,. Substrate: fructose (30 mg.). Gas: 100% O,. Temp. 36°. Incubation: 


= s 
30 min. P, 
Initial sample 1-30 
Incub. without substrate 0-94 
Incub. with fructose 0-72 


The investigations have been extended to include the products of the phosphory- 
lation. The formation of hexosediphosphate has been discussed [Kalckar, 1937, 1]. 
The formation of triosephosphate is demonstrable in ordinary trichloroacetic 
acid filtrates, if the kidney extract has been incubated for some minutes at 
50-60° immediately before the precipitation of the proteins. At this temperature 
a considerable part of the hexosediphosphate is converted into alkali-labile 
triosephosphates, mainly dihydroxyacetonephosphate. From Table IV_ it 


Table [V. Formation of hexosediphosphate and dihydroxyacetone phosphate 


Kidneys from rabbit, chopped, the pulp washed with 2 vol. ice water, ground with sand, 
extracted with M/15 Na,HPO,. Per sample: 1-5 ml. extract. Addition of Nal’. Substrate: glucose 


(25 mg.). Gas: O,. Incub. 30 min. Temp. 37°. Denigés 
Seliwanoff (dihydroxy- 
Ps P.»,* (mg. fructose) acetone) 
Initial sample 1-70 ~ — 0 
Incub. without substrate 1-50 1-57 0 
Incub. with glucose 0-64 0-96 1-1 ++++ 


(instantaneous) 
* At the end of the experiment the incubated samples were heated to 60° for some minutes. 
Addition of ammonium molybdate to the trichloroacetic extract of the glucose sample did not 
produce any laevorotatory compound (phosphoglyceric acid). 
40—2 
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appears that the ester formed in the sample incubated with glucose exhibits 
the properties of dihydroxyacetonephosphate, viz. an instantaneous intense 
Denigés colour reaction, and liberation of P by alkali. 

In attempts at isolation of the ester formed in pulp of beef kidneys, a Ba 
salt with the properties of hexosediphosphate was found. The Ba salt was 
soluble in ice water, insoluble in hot water. Liberation of P after 3 hr. boiling 
in N HCl: 60%. Ratio H.J.-reduction/P=1-5/1,! i.e. hexose/P=3/1. Aldose: 
O. Seliwanoff:+ ++. The liberation of P after 3 hr. hydrolysis is about 60%, 
the liberation of P from hexosediphosphate being about 80°%. The other 
properties of the ester, however, agree completely with those of hexosediphosphate. 

Phosphorylation of fructosemonophosphate. Fructosemonophosphate (Neuberg 
ester) added to kidney extracts acts as phosphate acceptor, yielding hexosedi- 
phosphate. 

Table V. Phosphorylation of fructose-6-phosphate 


Kidneys from cat, extracted with 17/30 Na,HPO,. Per sample: 1-5 ml. extract. NaF added. 
Substrate: fructose-6-phosphate (Neuberg ester) equiv. 1-2 mg. organic P. Gas: O,. Temp. 37°. 
Incubation: 17 min. 

O, uptake 


* pl. Pi 
Initial sample — 1-10 
Incub. without substrate 570 0-59 
Incub. with Neuberg ester 435* 0-35 
Incub. with glucose (30 mg.) 540 0-22 
Incub. with glucose + Neuberg ester 440* * O21 


* The lower O, consumption in the samples incubated with Neuberg ester is due to a slight 
excess of oxalate after the precipitation of Ca. 


As previously stated [Kalckar, 1938, 1], hexosediphosphate added to kidney 
extracts depresses the phosphorylation of glucose but not the phosphorylation of 
glycerol. 

Galactose and arabinose. A slight phosphorylation takes place in the 
presence of galactose and arabinose (see Table VI). Phosphorylation of 


Table VI. Phosphorylation of galactose and arabinose 


Kidneys from cat, extracted with phosphate. Per sample: 1-5 ml. NaF added. Substrates: 


galactose (25 mg.) and arabinose (25 mg.). Gas: O,. Temp. 36°. 


O, uptake 

Min. pl. Ps 

1. Initial sample —_ a 1-22 
Incub. without substrate 30 460 1-12 
Incub. with galactose 30 453 0-97 

2. Initial sample - — 1-24 
Incub. without substrate 40 535 1-03 
Incub. with galactose 40 610 0-88 
Incub. with glucose 40 545 0-60 

3. Initial sample - - 1-20 
Incub. without substrate 60 375 1-00 
Incub. with arabinose 60 380 0-88 


galactose in liver has been demonstrated by Kosterlitz [1937]. Phosphoryla- 
tion of ribose has not been investigated, but it appears from the recent work of 
Dickens [1938] that ribosephosphate is more readily metabolized than arabinose- 
phosphate. Starch is not phosphorylated in kidney extracts (see Table VII). 


1 0-121 mg. H.J.-reduction corresponds to 0-082 mg. P. 
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Table VII. Addition of starch to kidney extract 


Kidneys from a rabbit, extracted with phosphate. Per sample: 1-5 ml. NaF added. Temp. 37°. 


Substrates: glucose (in O,). Starch (in N,). O, uptake 
Min. ~ pl. Py 
Initial sample = — 1-27 
Incub. with glucose (aerobic conditions) 15 256 0-49 
Incub. with starch (anaerobic conditions) 35 1-17 


As reported [Kalckar, 1937, 1, 2], the phosphorylation of sugars is inhibited 
by small concentrations of phloridzin, an effect which is of importance in the 
discussion of the mechanism of active sugar absorption. The significance of the 
phosphorylation of carbohydrates will be discussed in another paper. 


3. Glycerol as phosphate acceptor 
If glycerol is added to kidney extracts under aerobic conditions an intense 
phosphorylation takes place (Table VIII). 
Table VIII. Phosphorylation of glycerol 


Kidneys (cat) minced, ground and extracted with phosphate. Per sample: 1-5 ml. extract. 
NaF added. Substrate: glycerol (20 mg.). Gas: O,. 
O, uptake 


Min. pl. P, Piso Protal 
Temp. 36°: 

1. Initial sample - = 1-22 = — 
Incub. without substrate 40 535 1-00 1-23 1-37 
Incub. with glvcerol 40 580 0-66 0-89 1-32 
Incub. with glucose 40 530 0-60 1-14 1-37 

Ps Po Prot al 

2. Initial sample — — 1-20 1-31 1-52 
Incub. without substrate 60 275 1-00 — — 
Incub. with glycerol 60 330 0-61 0-83 1-59 
Incub. under anaerobic conditions 60 0 1-34 — — 

with glycerol 
Temp. 22°: Po Peo 

3. Initial sample — — 1-35 1:38 — 
Incub. without substrate 60 — 0-89 — — 
Incub. with glycerol 60 - 0-52 0-78 — 
Incub. with glucose 60 _ 0-27 0-97 — 


It will be noticed that the ester formed in the presence of glycerol is more 
acid-resistant than the ester formed in the presence of glucose. To determine 
whether the ester formed in the presence of glycerol is glycerophosphate or 
phosphoglyceric acid its isolation has been attempted. From 30 ml. of an 
extract from cat kidney incubated for 60 min. with glycerol (about 40-50 mg.) 
the Ba salt of an ester was prepared. Its precipitation required the addition of 
3 vol. of alcohol to the neutralized trichloroacetic acid filtrate. The properties 
of the ester are as follows: Ba salt soluble in water, also in the presence of 
Ba(NO,)o, insoluble in alcohol. Quinine salt, needles, insoluble in cold, soluble in 
boiling, water; soluble in alcohol.! A solution of 22 mg. quinine salt in 2-5 ml. 
alcohol in a 2dm. tube showed «p= — 2-78", i.e. [%]p= — 158°. The ester is very 
resistant to acid hydrolysis—after 90 min. hydrolysis in boiling NV HCl only 
1-2 °%, of the total P is liberated. Addition of ammonium molybdate did not 
produce any increased laevorotation. The properties described agree com- 
pletely with laevorotatory «-glycerophosphate [Karrer, 1926]. 


1 Quinine sulphate is insoluble in alcohol. 
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As described in another paper [Kalckar, 1939] the phosphorylation of 
glycerol is actually inhibited by «-glycerophosphate. According to Verzar & 
Laszt [1934] the phosphorylation of glycerol is of importance for the absorption 
of glycerol and fatty acids from the intestines. 


4. Pyruvic acid as phosphate acceptor 


Formation of phosphopyruvic acid from phosphoglyceric acid is a familiar 
intermediate reaction in muscle glycolysis. The formation of phosphopyruvic 
acid from inorganic P and pyruvic acid (formed from malic acid) is, however, 
a new observation. 

Investigations of the action of malic acid on respiration and phosphoryla- 
tion in kidney extracts led to the observation of formation of phosphopyruvic 
acid. If kidney extracts are dialysed for some hours and incubated with glucose 
a rather slight phosphorylation takes place; a sample incubated with malic 
acid, however, exhibits a very considerable phosphorylation (see Table [X). 


Table IX. Phosphorylations in presence of malic acid 


Rabbit kidneys, minced, extracted with 0-6% KCl solution. The extract is dialysed in 
cellophane. To the dialysed extract, phosphate (1-0 mg. P) and fluoride are added. Substrates: 


glucose and malate. Gas: O,. Temp. 36°. 
O, uptake 





Min. pl. Po 
Dialysis, 3 hr. at 0°: 
Initial sample 1-10 
Incub. with glucose + 0-4 mg. malate 125 338 0-89 
Incub. with 10-0 mg. malate 110 885 0-38 
Dialysis, 6 hr. at -1°: 
Initial sample — = 1-07 
Incub. with glucose 90 115 1-11 
Incub. with glucose + 10 mg. malate 90 388 0:77 
Incub. with 10 mg. malate 90 387 0-81 


Table LX shows that the phosphorylation in the presence of 10 mg. malic 
acid is very intense. Since the glycogen content of kidney extracts is very low 
and other carbohydrates are removed during dialysis, the intense phosphoryla- 
tion in the presence of malic acid must be due to a phosphorylation of malate 
itself or more probably of an oxidation product of malate. The enormous 
increase of the respiration in the malate sample indicates an oxidation of malate 
to oxaloacetate. A further conversion of the oxaloacetate formed must, however, 
take place, since an accumulation of oxaloacetate will very soon inhibit the 
oxidation of malate. The O, consumption in the malate sample is, however, 
remarkably constant (Fig. 1). 

It is probable that the oxaloacetate is decarboxylated to pyruvate which, 
when phosphorylated, yields phosphopyruvate. The experiments described and 
others similar have given many indications that malic acid oxidized in kidney 
extracts yields phosphopyruvic acid. 

Investigations of the ester formed in the presence of malate proved that an 
ester is formed which has the properties of phosphopyruvic acid [Lohmann & 
Meyerhof, 1934] (see Table X). 


Since the extracts are frequently inactivated during 3-6 hr. dialysis even at 0°, most of the 
experiments were made with extracts from washed tissue pulp. However, ‘‘ washed”’ extracts 
contain more hexoses than dialysed extracts and a formation of hexosediphosphate is unavoidable. 


Sl 
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Table X. Formation of an iodine-labile phosphoric ester 


Rabbit kidney cortex was minced and washed in 3 vol. ice-cooled water; the washed tissue 
was then ground with sand and extracted with an equal vol. M/30 Na,HPO,. 1-2 ml. extract 
were used. The mixture contained 0:2 °/, fluoride. Substrates: fumarate (30'mg.), malate (20 mg.) 


and glucose (30 mg.). Gas: O,. Temp. 37°. Incubation: 30 min. 
O, uptake 


Py Paik Pica Pinere P30 pl. 
Initial sample 1-08 1-14 1-11 1-10 — — 
Incub. without substrate 0-96 1-05 1-00 1-00 1-14 230 
Incub. with fumarate 0-64 0-70 0-96 0-96 1-13 432 
Incub. with glucose 0-58 0-71 0-60 0-60 _- 165 
Initial sample (+ malate) 1-16 1-17 1-18 — 1-16 — 
Incub. without substrate 1-00 1-00 1-02 = 1-11 474 
Incub. with malate 0-78 0-78 0-98 1-00 1-12 720 
Incub. with glucose (40 mg.) 0-75 0-83 0-77 0-75 0-96 323 


P,: P determined directly. 

Pix: P determined after 20 min. incubation in V/1 NaOH. 
Pioa: P after 20 min. incubation in N/30 alkaline iodine. 

.: P after 10 min. incubation in neutral HgCl.. 

Peo: P after 30 min. hydrolysis in V/1 HCl at 100°. 


1000 





800 


600 


0, 


pl. 


400 
200 
0 
0 20 40 60 80 100 120 140 
Minutes 
Fig. 1. Rate of O, consumption of the incubated samples in Table X. -——- with 0-4 mg. 
malate. -—------- with 10-0 mg. malate. 


An examination of the pyruvic acid content showed that the malate samples 
always contain small amounts of pyruvic acid! and after 60 min. hydrolysis in 
boiling N HCl considerable‘amounts of pyruvic acid are liberated. 

The difference between the contents of pyruvic acid in the samples hydrolysed 
with acid and the samples determined directly (and corrected, cf. Methods) gives 
the amount of phosphorylated pyruvic acid, a value which agrees well with that 
calculated from the amount of P liberated in N/30 alkaline iodine (ef. Table XT). 

Attempts were made to isolate the ester formed in presence of malate. In 
extracts of beef or cat kidneys these were never successful, probably because the 
preparation of extracts from such large amounts of tissue takes so long that the 
enzymes are inactivated. An isolation from 4exp. with rabbit kidneys (cf. 

Table XI) was therefore undertaken. 

The extracts from 4 exp. were combined, the total content of I,-labile ester 
being about 40 mg. as Ba salt. The separation of the Ba salt of the I,-labile ester 
from the Ba salts of those phosphoric esters formed in the extracts without 


1 No eccumulation of oxaloacetic acid was detectable by the method of Ostern. 
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Table XI. Liberation of pyruvic acid from the iodine-labile phosphoric ester 


I. Kidneys from a fasted rabbit are chopped, washed and extracted with phosphate. Per 
sample (ml. extract): initial sample 1 ml., sample incubated without substrate. 1 ml., sample 
incubated with malate 10 ml.* Naf, 0:2%. Substrate: malate (150 mg.). Gas: O,. Incubation: 


45 min. Temp. 38°. NaHSO, (ml. N/200 I,) 
er 
Pina — Po/ 45 min. 
P,/ml. Pioa/ml. ml, Direct hydrolysis 
Initial sample (15 mg. malate) 0-286 0-285 0 0-04 — 
Inc. without substrate 0-230 0-230 0 0-04 oo 
Inc. with malate (150 mg.) 0-166 0-229 0-063 0-44 1-11 


0-063 mg. I,-labile P corresponds with 0-178 mg. pyruvic acid. The NaHSO, combined with 
0-178 mg. pyruvic acid consumes: 0-80 ml. V/200 I,. Found in the above exp. (1-11 — 0-44) +0-20 
(correction) =0-87 ml. N/200 I,. 

* For isolation experiments. 

II. Kidney extract (rabbit) prepared and incubated in the same manner as in exp. I. The 
sample with malate is incubated in 15 ml. extract. Substrates: lactate (20 mg.) and malate 
(20 mg.). Temp. 37°. Incubation: 45 min. 





Initial sample 0-333 0-320 —0-013 0-08 
Incub. without substrate 0-260 0-263 0-003 = 
Incub. with lactate ‘ 0-260 0-258 — 0-002 0-18 
Incub. with malate 0-214 0-264 0-050 0-40 





0-050 mg. P corresponds with 0-145 mg. pyruvic acid, equiv. 0-64 ml. N/2001,. Found in 
exp.: (1-13 — 0-40) +0-20 (corr.) — 0-25 (initial diff.) =0-68 ml. V/200 I,. 

III. Kidney extract (rabbit) prepared and incubated as in exps. I and II. The sample 
incubated with malate contains 10 ml. extract. Substrate: malate, 20 mg. Temp. 37°. Incubation: 


50 min. 


Initial sample 0-307 0-306 — — —— 
Incub. without substrate 0-214 0-215 - — 
Incub. with malate 0-142 0-214 0-072 0-32 0-92 


0-072 I,-labile P corresponds to 0-205 mg. pyruvic acid. The NaHSO, compound consumes 
0-90 ml. V/200 I,. Found: (0-92 — 0-32) +0-20 =0-82 ml. N/200 I,. 
malate (probably hexosediphosphate) was, however, impossible, since the 
solubilities of the Ba salts were the same (insoluble in hot water, sparingly 
soluble in cold water, soluble in dilute acids). According to Kiessling [1936] the 
Ba salt of phosphopyruvic acid, like the Ba salt of hexosediphosphate, is 
sparingly soluble in cold water and insoluble in hot water. 

The sparingly soluble Ba salt showed a satisfactory agreement between the 
amount of pyruvic acid determined from the NaHSO, method and that calcu- 
lated from the liberation of P in N/30 alkaline I,. 

From Table XII it appears that the ratio, pyruvic acid after acid hydrolysis 
to phosphate hydrolysed in alkaline iodine is about 3: 1. 


Table XII 


For 0-5 ml. of a solution containing 15 mg. Ba salts the following values were found: 


ml. V/200 I, 
(equiv. NaHSO, 


mg. P Piva — Park compound) 
Directly 0-018 — 0-40 
Hydrolysis in N/1 NaOH 0-020 — — 
Hydrolysis in V/30 alkaline I, 0-230 0-210 — 
Hydrolysis in V/1 HCl for 60 min. 0-272 . 3-00 
Control — — 0-02 


0-21 mg. I,-labile P corresponds to 0-61 mg. pyruvic acid. 0-61 mg. pyruvic acid (NaHSO,) 
consumes 2-78 ml. V/200 I,. Experiment shows: 2-98 ml. N/200 I,. 


RR 





ie 
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Table XIII. Identity with phosphopyruvic acid of the ester formed in 
presence of malate 


Liberation of P in 





Solubility of > —A~- — 
Ba salt Alkali Iodine HegCl, N HCl Pyruv./P 
Unknown P Soluble in di- No Complete Complete Complete 3:1 
ester lute acids, in- 
soluble in hot 
water 
Phosphopyruvic Ditto. No Complete Complete Complete 3:1 


In Table XIII the properties of the new ester are summarized and com- 
pared with the properties of phosphopyruvice acid. 

Since all properties of the new ester agree with those of phosphopyruviec acid 
we conclude that malic acid in kidney extracts is oxidized to oxaloacetic acid 
which is then decarboxylated and phosphorylated. That the phosphopyruvic 
acid was formed from hexosediphosphate is impossible since the intermediate 
product, phosphoglyceric acid, cannot be converted into phosphopyruvie acid 
in presence of V/20 fluoride. In addition no formation of phosphoglyceric acid 
takes place in extracts incubated with glucose. 

[ was never successful in bringing about a formation of phosphopyruvic acid 
from lactic acid,' pyruvic acid or alanine, although this might perhaps be possible 
in kidney and liver slices. 

Without doubt the formation of phosphopyruvic acid from malic acid is 
related to the synthesis of sugars from the fumaric acid system. A considerable 
increase in the glycogen content of the livers of animals fed with fumaric or 
succinic acid is well established [Stéhr, 1933; Blixenkrone-Moller, 1938]. In 
experiments with kidney slices Benoy et al. [1937] have demonstrated a definite 
formation of sugar from lactic and malic acids. 

The pathway of sugar formation from lactic acid has been cleared up to 
a considerable extent by the studies of the Cambridge school [Green et al. 1937]; 
the understanding of the mechanism of this reaction we owe to the recent 
researches of the Heidelberg school [Meyerhof ef al. 1938, 2]. Sugar forma- 
tion from lactic acid is in all its properties a reversed glycolysis. Not only is the 
oxido-reduction the reverse of that in the glycolysis, but, as demonstrated 
recently by Meyerhof and co-workers, the transfer of P takes place in an exactly 
inverted manner. As we know, the adenylic acid in the glycolysis is rephos- 
phorylated in two different ways: (1) through a direct P transfer from the 
phosphopyruvic acid (Parnas reaction) ; (2) through an esterification of inorganic 
P, a synthesis which is coupled to the reduction of cozymase by triosephosphate 
|Meyerhof et al. 1938, 1]. Very recently Lipmann [1939] has demonstrated a 
coupling between the reduction of aneurin pyrophosphate by pyruvic acid and 
the phosphorylation of adenylic acid. In the formation of sugar from lactic acid 
we have, in quite an analogous manner, a dephosphorylation of adenyl- 
pyrophosphate by two different reactions: (1) the direct P transfer from 
adenylpyrophosphate to pyruvic acid; (2) the liberation of inorganic P from 
adenylpyrophosphate, a reaction which is coupled to the oxidation of hydro- 
cozymase by phosphoglyceric acid [Meyerhof et al. 1938, 2]. 

Sugar formation in animal tissues is an internal oxido-reduction which 
uses on a large scale the energy stored in the adenylpyrophosphate ; respira- 
tion is therefore necessary for rephosphorylation of the adenylic acid. Such an 

' According to Green [1936] and to Das [1937] the oxidation of lactic acid is more sensitive 


than oxidation of malic acid to tissue mincing. 
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aerobic rephosphorylation of adenylic acid has actually been demonstrated in 
kidney extracts. 

What is the position of phosphopyruviec acid in the synthesis of sugar from 
lactic acid? According to Green and to Meyerhof there are three essential 
reactions: 

(1) Lactic acid+phosphoglyceric acid +adenosinetriphosphate = pyruvic 
acid + phosphotriose + adenosinediphosphate + P. 

(2) Pyruvic acid +adenosinediphosphate = phosphopyruvic acid + adenylic 
acid. 

(3) Phosphopyruvic acid = phosphoglyceric acid. 

Whereas reactions (1) and (3) have been demonstrated experime sntally in 
both directions, reaction (2) has so far not been demonstrated in the direction 
from left to right. Probably the accumulation of phosphopyruvie acid by 
addition of fumaric or malic acid to kidney extracts poisoned with fluor ide 
corresponds to reaction (2) in the direction from left to right, occurring in con- 
junction with an aerobic rephosphorylation of the adenylic acid. According to 
recent investigations [Meyerhof e¢ al. 1938, 3] in which labelled P was used, it 
seems that the reaction (2) actually proceeds only in the direction from right to 
left. The enzyme system of the phosphorylation of pyruvic acid in kidney 
extracts therefore cannot be identical with the enzyme system of the reaction: 
phosphopyruvie acid+adenylic acid = pyruvic acid +adenosinediphosphate. 
Perhaps the oxidation of fumaric acid yields not CH;.CO.COOH but another 
acid which is the P acceptor proper. 


SUMMARY 


1. The products formed by esterification of various P acceptors are described. 
Adenylic acid is phosphorylated to adenylpyrophosphate. Glucose, fructose and 
fructose-6-phosphate are phosphorylated to fructosediphosphate and dihydroxy- 
acetonephosphate. Glycerol is phosphorylated to glycerophosphate. Since the 
quinine salt of the phosphoric ester showed a high laevorotation, [%]p=— 158, 
the glycerophosphate accumulated is the laevorotatory «-glycerophosphate. 

2. In extracts from washed tissue pulp or in dialysed extracts an intense 
phosphorylation very frequently takes place if fumaric or malic acid is added to 
the extract. These dicarboxylic acids increase the phosphorylation not only 
by stimulation of the respiration, but more probably by forming a phosphate 
acceptor. Probably a product formed by oxidation of malic or fumaric acid, 
must be assumed to act as phosphate acceptor. The phosphoric ester formed 
in the presence of malic or fumaric acid exhibits the typical properties of 
phosphopyruvic acid: liberation of P in N/30 alkaline I, and in neutral 
HgCl,, liberation of pyruvic acid after 60 min. hydrolysis in N boiling HCl. 
The Ba salt of the I,-labile phosphoric ester has been isolated in an impure state. 
The ratio of pyruvic acid after acid hydrolysis to P hydrolysed in alkaline I, 
was about 3: 1. 

The relation of the formation of phosphopyruvic acid from malic acid to 
sugar formation from malic acid has been discussed. 


| wish to express my thanks to Prof. Lundsgaard and Dr Lipmann for their 
kind interest in this work. 
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PorassiuM forms an insoluble complex with sodium, silver or lead cobaltinitrite. 


Kramer & Tisdall [1921] used sodium cobaltinitrite to estimate the K content of 


sera. Other workers [Robinson & Putnam, 1936; Truszkowski & Zwemer, 1936; 
Ismail & Harwood, 1937] have used silver cobaltinitrite. Ismail & Harwood, in 
the estimation of the K content of soils, added silver nitrate solution to the soil 
solution, and then Kramer & Tisdall’s reagent to precipitate the complex potas- 
sium salt. The potassium silver cobaltinitrite compound they obtained was 
thought to consist of mixtures of K,AgCo(NO,), and KAg,Co(NO,),. 

The method described below shows that it is possible to make a single pre- 
cipitating reagent—a silver sodium cobaltinitrite—and that in the resulting 
potassium complex there is a different potassium silver relationship from any 
previously described. 

The K content of normal muscles has been determined by this method. 

Reagent. 22-6 g. cobalt acetate are ground up with 16-9 g. silver nitrate and 
placed in a 500 ml. flask; 8 ml. water and 22 ml. glacial acetic acid are added. To 
this are added 80 ml. water containing 44 g. sodium nitrite. After leaving over- 
night this solution is filtered and the filtrate aerated for 4 hr. It is stored in the 
ice chest and filtered prior to use. 

Method. Serum (1 ml.) or muscle (containing from 0-1-2-0 mg. K, i.e. up to 
about 1-2 g. muscle) is reduced to a white ash in a silica crucible in a small 
electric oven at a temperature of about 350°, with sufficient conc. HNO, to 
remove all halides. When the crucible is cold, the ash is dissolved in 3 ml. water; 
2 ml. of this are placed in a centrifuge tube and 2 ml. of the silver sodium 
cobaltinitrite reagent added. After standing }—1 hr. 50 % acetone is added and 
the tubes are centrifuged. The supernatant fluid is decanted off and the precipi- 
tate is washed with more 50 % acetone and then finally with pure acetone. The 
tubes and precipitate are dried in a water bath and 3 ml. conc. HNO, are added. 
After the precipitate has dissolved, some 15-20 ml. water and a little ferric 
sulphate are added and the tubes are placed in a boiling water bath for 2 hr. The 
tubes are left overnight in the ice chest and the amount of silver nitrate present 
is estimated by titrating with N/500 potassium thiocyanate. (A tube containing 
a known amount of potassium nitrate can be treated in the same manner in order 
to check the method, although this is really unnecessary as no variation in the 
ratio K/Ag has ever occurred.) 

Calculation; ™4/500 thiocyanate used | § ctor (0-585) x > _ mg. K in sample 
taken. . ~ 

The method was initially tested with known amounts of potassium nitrate 
and it was found that the proportion of K to Ag in the compound was as 3 mol. 


( 642 ) 
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of the former to 2 mol. of the latter. Therefore, from this relation, a factor could 
be calculated which would convert ml. of thiocyanate used in the titration into 
mg. of K. This factor is 0-585 for N/100 thiocyanate. This method has been in use 
for the past two years and no variation in the relation has been observed. 

If the sodium silver cobaltinitrite is dried, a pale brown substance is obtained 
which contains sodium, silver and the cobaltinitrite radicle. If this solid is re- 
dissolved in the appropriate quantities of glacial acetic acid and water, it yields 
the original reagent in liquid form. 

Solubility of potassium silver cobaltinitrite. The solubility of the complex is 1 in 
61,000 after leaving it in contact with water at room temperature for 1 week. 

The almost complete insolubility of this compound is in striking contrast to 
that of the sodium potassium salt such as is prepared in Kramer and Tisdall’s 
method. Some workers still use water to wash the sodium potassium cobaltinitrite 
precipitate, although the use of acetone is now the more common procedure. The 
following few examples show the differences in recovery obtained by the three 
methods, and it is seen that there is an increasing loss of K as one passes from the 
first to the last column, showing conclusively these differences in solubility. 


Table I 


Amount of K recovered, mg. 


Kramer & Tisdall’s method 


Amount of K Precipitate Precipitate 
taken, mg. Author’s method acetone- washed water-washed 
1-3 1-295 1-284 1-272 
0-97 0-968 0-896 0-892 
0-8 0-802 0-781 0-711 
0-56 0-564 0-549 0-547 
Table II 
Mg. K in 
sample of Mg. K added Total mg. K in Mg. K Difference 
serum taken (KNO, used) serum and KNO, _ recovered mg. % error 
0-213 i-26 1-473 1-470 0-003 - 0-2 
0-213 0-40 0-613 0-584 0-029 4-7 
0-273 0-41 0-683 0-663 0-020 2-9 
0-213 0-44 0-653 0-643 0-010 -1:5 
0-273 1-10 1-373 1-366 0-007 0-4 
0-213 1-18 1-393 1-425 + 0-032 +23 
0-213 0-58 0-793 0-807 + 0-014 +18 


Recovery experiments. Varying amounts of potassium nitrate were added to 
sera of known K content and these mixtures were ashed and estimated. The 
recoveries are given in Table II and show that the error was usually of the order 
of less than 2 %. 

{xperiments to determine the exact composition of the K compound were 
made, but while the precipitate always possessed a constant composition, no 
simple formula could express its nature, and it is most probably a mixture of 
cobaltinitrites. Methods that have been used previously have yielded variable 
results as regards the K content of normal sera in man and this is not surprising in 
view of the solubility of potassium sodium cobaltinitrite. Such difficulties have 
been overcome by the use of the method here described, and the results obtained 
with normal sera have been remarkably constant. The advantages of this method 
are the accuracy that can be obtained in the final titration, and the high mole- 
cular weight of the precipitate, enabling time to be saved as a result of the short 
period needed for centrifuging. 
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The one disadvantage is the necessity to ash serum, but the method was 
originally evolved in order to estimate the K content of normal and abnormal 
muscle, and it is essential to ash this material irrespective of the method em- 
ployed for the actual estimation. 


Potassium content of normal muscle 


Twenty-seven samples of normal voluntary muscles were obtained, mostly by 
biopsy, and the K contents were determined by the above method. The muscles 
were taken from various parts of the body. The muscle tissue was carefully 
dissected to remove any fibrous tissue or fat and cut up into small fragments 


before weighing. Drying was done in an oven maintained at a temperature of 


100°, and was usually complete within 24 hr. 


The average content of K was 0-28 % of wet weight of muscle, and 0-98 % of 


dry weight. 

There was a certain degree of variation but this was not related to the 
situation of the muscle nor was it determined by the sex of the patient. This 
variation was from 0-2 to 0:35 % of wet weight, and from 0-8 to 1-2 % of dry 
weight. 

Xecently, little attention has been paid to the K content of voluntary muscle, 
but Leulier e¢ al. [1935] found 0-4 % by wet weight in a small group of normal 
muscles. These workers did not dry the muscle before estimation, nor was the 


technique of the method employed of the same degree of accuracy as that of 


the foregoing method. 
SUMMARY 
A method for the estimation of K using a silver cobaltinitrite reagent is 
described, and its advantages are discussed. 
The K content of normal voluntary muscles has been estimated. 


REFERENCES 


Ismail & Harwood (1937). Analyst, 62, 443. 

Kramer & Tisdall (1921). J. biol. Chem. 46, 339. 

Leulier, Pommé & Bernard (1935). C.R. Soc. Biol., Paris, 119, 201. 
Robinson & Putnam (1936). Industr. Engng Chem. Anal. ed. 8, 211. 
Truszkowski & Zwemer (1936). Biochem. J. 30, 1345. 








LXXX. THE BIOLOGICAL VITAMIN D ASSAY 

OF LOW-POTENCY MATERIALS WITH SPECIAL 

REFERENCE TO THE ROLE OF THE MINERAL 
CONTENT OF THE DIET 


By NORMAN THEODORE GRIDGEMAN, HOWARD LEES 
AND HARRY WILKINSON 


From the Food Research Laboratory, Lever Brothers & 
Unilever Limited, Port Sunlight 


(Received 10 March 1939) 


Vitamin D is biologically determined in this laboratory by a slightly modified 
form of the line-test described by Morgan [1932]. Such quantities of the test 
substance as are known, either from the nature of the material or from the 
results of a preliminary trial, to contain about } or } 1.U. vitamin D are given 
daily to each of about 10 rachitic rats. The same number of weight- and sex- 
paired litter-mates of these rats are each given daily doses of } or } 1.U. vitamin D 
Standard, and the areas of the “lines” of new calcification in each group are 
compared. Doses of this order, i.e. between about } and ?, produce, in the 10-day 
test-period, degrees of healing in the distal ends of rachitic radii and ulnae most 


suitable for quantitative assessment; quantities less than } unit produce only 


minute healing, while quantities greater than ? unit produce massive healing 
which is difficult to measure and which is too close to the optimal to be critical. 
To prepare and administer the requisite amounts of high-potency test sub- 
stances is a simple matter: the oil is diluted with refined arachis oil, so that one 
or two drops from a calibrated pipette have to be given to each animal daily. 
But if the expected potency of the test substance is less than 12-5 1.v./g. it has 
to be fed ‘“‘neat”’, and if it is less than 1 1.v./g. the quantity to be fed becomes 
inconveniently large. 

This inconvenience is particularly attendant upon the assaying of most 
samples of butter and many samples of margarine. Winter butter may contain 
less than 0-1 1.U./g. [Wilkinson, 1939], while many continental margarines are 
vitaminized below 1 1.v./g. (in Denmark a lower limit of 0-1 1.v./g. is stipulated 
by law). If such a sample is to be tested, each rat has to be given about 3 g. fat 
daily, a quantity which is so large a proportion of the total food consumption 
(normally a vitamin D test rat eats about 8—10 g. of diet daily) that the animals 
will not eat it all separately, and it has to be mixed into the diet. Even then it 
may not be all consumed. 

There is an alternative procedure, namely, to extract and feed the vitamin D- 
containing unsaponifiable fraction of the fat. Until recently there has not been 
available an efficient and satisfactory method of extraction; the work of Kon & 
Booth [1934] indicated that some part of the vitamin D of butter fat is too 
unstable to pass unchanged through the necessary chemical processes. However, 
Bechtel & Hoppert [1936] described a method of extracting butter fat directly 
with alcohol and drying the alcoholic extract on a weighed quantity of diet 
which was then fed in measured amounts to the test animals. We have used this 
technique for both margarines and butters, but the results were invariably 

( 645 ) 
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lower than those from ‘‘direct”’ assays, and there was no means of ascertaining 
which were the more reliable. An investigation was therefore made into the 
reliability and limitations of the ‘‘direct’’ method with special reference to the 
effect, if any, of large quantities of dietary fat on the vitamin D therapy of rat 
rickets. 

Preliminary investigations 


The simplest method of testing the reliability of an assay in which the *‘test 
substance” animals receive appreciable additions of fat is to carry out a sath 
assay in which the control animals receiving vitamin D International Standard 
also receive equal quantities of a similar, but unvitaminized, fat. For this 
purpose a vegetable cooking-fat was — — one portion of it was vita- 
minized to the extent of approximately 1 1.v./g. by the incorporation of a calci- 
ferol concentrate. This was the test substance. “in the first assay 5 isogenic pairs 
of rats were used: one rat of each pair was given 0-5 g. of the vitaminized fat 
daily and the other 0-5 1.U. vitamin D Standard daily. In the second assay 7 
isogenic pairs were used: as before the test substance was given to one half of the 


rats and the Standard to the other half, but the latter was also given 0-5 g. of 


the unvitaminized fat per rat per day. The result of the first assay was 1-25 1.v./g 
and of the second, 1-1 1.v./g. These two figures are not significantly different. 

To confirm directly this indication that 0-5 g. per day of extra fat does not 
appreciably affect the degree of healing of rickets, we then compared the areas of 
new calcification in two groups of isogenic pairs of rats, one of which was given 
vitamin D International Standard alone and the other of which was given the 
same dose of the vitamin with extra fat. In order to determine how much more 
fat could be given without disturbing the vitamin D assay, two further groups of 
rats were included, one of which received 2 g. fat and the other 3 g. fat per rat 
per day. The results are summarized in Table I 


Table I. Apparent enhancement of vitamin D potency produced by three levels of 
addition of an unvitaminized cooking-fat 


Apparent dose given 


Daily dose of eee 
to ‘‘fat”’ rats 


fat to one rat Daily dose of Sada wei 
No. of of each pair vitamin D to “~*~ Actual dose given to 
pairs g. all rats **no-fat”’ rats 
16 0-5 t 1.U. 0-935 
9 2-0 + LU. 1-044 
7 3-0 + 1.U 1-568 


* Calculated from the standard equation: (Healing) °°? =54-5 log dose ratio. 


These results support the conclusion from the first experiment, for a dose 
ratio of 0-935 is not significantly different from unity; nor is the ratio 1-044, 
implying that even 2 g. of supplementary fat daily will not be expected to falsify 
an assay. The feeding of 3 g. of fat daily, however, has stimulated healing to 
such an extent that the apparent dose ratio has increased by over 50%. As 
only 7 pairs were used this figure cannot be regarded as a quantitative inde x of 
the effect of the fat; nevertheless the tendency for it to raise the ratio is unmis- 

takable. It is pertinent to record that a few animals which received daily supple- 
ments of 2-4 g. of fat but no vitamin D showed slight *‘spontaneous’ > he aling of 
rickets—a phe nomenon never encountered when normal diets are used. 

The finding that the inclusion of 30 % or more of an inactive fat in a standard 
rachitogenic diet will enhance the therapeutic effect of vitamin D and will even 
induce healing (perhaps better described as apparent healing) in the absence of 
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the vitamin, admits of either or both of two possible explanations. The first is 
that the fat per se is responsible for the effect by increasing the absorption and 
utilization of Ca, thereby stimulating ossification. The second is that the effect 
results from the decreased consumption of the rachitogenic diet itself necessitated 
by the addition of the fat. The remainder of this paper is mainly devoted to a 
description of an investigation into the latter possibility. 


Experimental diets and technique 


The rachitogenic diet (diet 5) in general use in this laboratory is composed of : 


o/ 


/O 

Dried meat meal ... oat Pe tes 12 

Ground unmineralized flaked maize oo 84 

Salt mixture aaa ae ice aie 4 

The relevant analytical figures are: 
Ca % P% Protein % 
Meat meal 0-125 0-58 78 
Maize 0-013 0-28 9 


The composition of the salt mixture is: 


) 


Calcium carbonate 
Sodium chloride 
Magnesium sulphate 
Ferric citrate 
Potassium iodide ... 


m7 . 


le 
He OF 


If 38 g. fat are added to every 62 g. diet 5, there will be a corresponding fall 
in the percentages of maize, meat meal and salt mixture. The actual consump- 
tions of these dietary constituents will fall even more markedly because less of 
the high-fat, and therefore high-calorie, diet will be eaten than of the normal 
diet. If the calories/g. in maize be taken as 3, in meat meal as 4 and in fat as 9, 
an‘ if it be assumed that a rat normally eats sufficient food to supply 30 calories 
daily, the following quantities of ingredients will be ingested from the two diets: 


Total diet to Meat Salt Cooking 
supply 30 cal. meal Maize mixture fat 
go, g g g. g. 
Diet 5 10 1-2 8-4 0-4 —_ 
Diet D 57 0-42 2:97 0-14 2°17 


There is thus a considerably lowered intake of protein and salt mixture, and 
as the latter supplies nearly all of the Ca—on the high content of which the 
rickets-producing effect of diet 5, as of Steenbock’s diet 2965, depends—it is 
reasonable to expect that its deprivation is largely responsible for the enhance- 
ment of healing. 

A series of experiments was then planned in which the degrees of healing 
produced by 0-5 1.U. daily were compared in groups of rats being fed with diets 
of varied compositions. For convenience of reference, the compositions of all 
the diets used are collected in Table II. 

In all experiments does only were used. They were maintained on diet 5 
from weaning (at 23 days of age), or from the day on which they reached an 
average weight of 45 g. until the 39th-41st day, when they were transferred to 
the experimental diets and maintained thereon for the 10-day test-period, at the 
end of which they were killed and their radii and ulnae removed. 
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Table II. Compositions of diets 





Cooking- Meat Salt 
fat meal Maize mixture Ca pe Ca/P* Protein 
Ref. % % % % % % ratio % 
J 33 12 46-5 8-5 2-571 0-200 12-85 13-55 
B 33 12 50 5-0 1-522 0-210 7°25 13-86 
C 38 12 46 4-0 0-199 6-15 13-50 
D 38 Td 52 2-5 0-189 4-05 10°53 
E 33 12 53-5 1-5 0-220 2°15 14-17 
5 —- 12 84 4-0 0-305 4-02 16-92 
F - 8-7 88-4 2-9 0-893 0-298 3:00 14°75 
G —- 18 80-5 1-5 0-483 0-331 1-46 21-49 
H -—— 12 87 1-0 0-327 0-314 1-04 17-19 


* The P analyses, and consequently the Ca/P ratios, are based on total P and no account has 
been taken of inorganic, organic, available or unavailable portions. 


Experiment 1 


This was designed to investigate the effect on the degree of healing of a diet 
which contained 38 % additional fat but in which the meat meal and salt mixture 
contents remained unaltered at 12 and 4% respectively. This was diet C. It 
was compared with diets 5 and D and a fourth diet, F, which contained no 
additional fat, but had low meat meal and salt mixture contents, viz. 8-7 and 
2-9 % respectively. 27 rats were distributed between these 4 diets so that there 
were always litter-mate pairs of about the same weight on at least 2 diets. They 
were all, with the exception of 3 negative controls, given 0-5 1.u. of vitamin D 
standard per day. The daily food consumptions of all the animals on the experi- 
mental diets were measured. The results are assembled in Table III. 


Table III. Average daily food consumptions (F.C.) and areas of new calcification 
in sq. mm. (H) arranged, except those of the ‘‘no dose” rats, horizontally as 
weight-grouped litter-mates 


Daily Diet D Diet C Diet F Diet 5 
dose of ——_—_—_*—— ——"—_ —_———_—— —_——_—_ 
vit. D Ratno. F.C. H Ratno. F.C. H Ratno. F.C. H Ratno. F.C. H 
$1.0. 5392 59 434 5393 60 258 - - - — 
- — 5396 5-7 174 5397 8-1 254 5398 — 114 
5429 6-1 286 5430 6-1 196 — - a - 
— - — 5431 49 294 5432 65 292 5433 -- 310 
s 5448 6°3 378 5450 6°5 172 - - — — —_ — 
- 5460 5-9 180 5461 8-1 232 5464 ~= 184 
5462 6-0 128 5463 7:3 242 5465 --- 156 
-. el ae eee ee _ 
mem ee SS Se ele he 
“ -—— —— —— 5502 5-0 208 5504 8-4 358 5503 _— 168 
No dose 5391 5-4 88 5449 6-1 0 5396 78 146 -= -— — 


In order to obtain average figures for the 4 dietary groups in the most com- 
parable form from the above table, the following method was used: the group 
containing the most rats—the diet C group—was taken as a standard against 
which each of the other groups was compared, for which purpose litter-mate 
pairs only were used. As an example, the average area of new calcification (i.e. 
healing) of the rats in the diet F group is 275-6 sq. mm. while the average healing 
of their 5 litter-mates on diet C is 196-8 sq. mm., the difference being 78-8 sq. mm. 
Therefore, as the average healing of all the diet C rats is 200-7 sq. mm. the 
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relative average of the diet F rats is taken as 279-5 sq. mm. This treatment 
reduces the errors which arise from biological variation of healing responses in 
different litters and which cannot be taken into account by simple arithmetical 
averaging. The resultant figures are set out in Table IV. 


Table IV. Relative behaviour of the 4 groups of rachitic rats each dosed daily 
with 3 1.u. vitamin D standard. All weights expressed as q. 


Diet D Diet C Diet F Diet 5 
No. of animals ae 5 9 5 5 

Average daily food consumption 5-6 5:7 7:9 - 
Average daily protein consumption 0-59 0-78 1-17 

Average daily phosphorus consumption 0-011 0-011 0-024 - 
Average daily salts consumption 0-14 0-23 0-23 — 
Average daily fat consumption 2-1 2-2 0 — 
Average healing in sq. mm. 337 201 279 190 


N.B. In preference to Ca intakes, salt mixture intakes only have been considered throughout 
this work, for although it is highly probable that Ca carbonate is the important variant, neverthe- 
less the presence of the other salts in constant proportions theoretically prohibits the making of 
any deductions about Ca alone. 


The only observation that can be made from this table is that the rats con- 
suming the least quantity of salt mixture—those on diet D—displayed most 
healing. There is no indication of the existence of a simple relation between 
cooking-fat consumption and degree of healing. Both undosed animals on the 
low-salt diets showed some healing. 


Experiment 2 
This was designed to confirm the findings of Exp. 1 and concomitantly to 
ascertain to what extent the degree of healing produced on a high-fat diet could 
be controlled by variation of the intake of salt mixture. The levels of inclusion 
of salt mixture chosen were 1-5, 5 and 8-5°% in a diet containing meat meal, 


Table V. Average daily food consumptions (F.C.) and areas of new calcification 
in sq. mm. (H) arranged, except those of the ‘no dose” rats, horizontally as 
weight-grouped litter-mates 





Daily Diet E Diet B Diet A Diet 5 
dose of a aac OF SS Gast a 
vit. D Ratno. F.C. H Ratno. F.C. H Ratno. F.C. H Ratno. F.C. H 
$1.0. 6629 8-5 930 6630 7-0 146 — — - — — — 
a -—— ~- a 6633 6°38 208 — = - 6631 12-1 280 
9 6635 7-0 456 6636 7-5 192 6637 7:7 100 — — — 
a 6673 7-0 342 6671 8-1 296 6672 9-1 240 — — — 
 -—--- eat Ss =. —. — Ct Be a 
Pe 6819 6-5 464 6820 7-6 90 = -— — od — = 
= — — 675E 54 356 = — — 6750 133 202 
¢ 6748 7-0 574 6748 9-1 185 6752 6-6 406 --- a= — 
a - — 6829 66 218 — — — 6830 109 150 
6834 6-0 336 6832 9-0 130 — — — - — = 
99 — — 6836 8-2 116 6837 8-8 96 — —_ — 


8451 72 222 $449 = 6-2 113 8452 7-0 81 8450 8-4 1 


> 8460 §=8-2 391 8464 7-0 167 8462 7-3 39 — - — 
9 8466 8-4 243 8465 6-8 138 8469 7-6 86 8468 7-6 180 
No dose 6632 6-1 522 —- 6638 6-9 0 — — -- 6634 7-9 0 
” 6818 = 5-7 177 — — —_— - — ~ 6817 10-6 0 
% 6833 4-4 242 6835 6-1 0 + - — 6828 8-9 0 
»» 8467 59 190 — -- —_— — — — 6831 9-0 0 
o 8545 6-9 110 —_ — _ — — — — — _— 
* 8581 5:8 158 — — —_— — — — —_ _ — 
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maize and 33 % cooking-fat. These were designated diets E, B and A respectively. 
Control animals were maintained on diet 5 and this time all food consumptions, 
including those of the diet 5 animals, were measured. On each diet a few animals 
were maintained without vitamin D doses. In all other particulars the experi- 
mental details were the same as before. The data from this experiment, in which 
48 rats were used, are collected in Table V. 

The comparative figures for the several dietary groups, obtained as explained 
previously, have been arranged in Table VI. 


Table VI. Relative behaviour of the 4 groups of rachitic rats, each dosed daily 
with 0-5 1.0. vitamin D. All weights expressed as q. 


Diet E Diet B Diet A Diet 5 

No. of animals eee 9 14 7 6 
Average daily food consumption 7-0 7:3 vi 11-7 
Average daily protein consumption 0-99 1-01 0-97 1-98 
Average daily phosphorus consumption 0-015 0-015 0-014 0-036 
Average daily salts consumption 0-11 0-37 0-61 0-47 
Average daily fat consumption 2-3 2-4 2-4 0 
Average healing in sq. mm. 455 177 154 194 


Again it appears that salt mixture intake and degree of healing are the 
important variants. A salient feature of the results is the massive healing dis- 
played by the rats which were consuming the lowest level of salt mixture. The 
average daily salt mixture consumption of these rats, 0-11 g., is about one-fifth 
of the normal and the areas of new calcification were so large that accurate 
assessment was difficult. Moreover, the 3 undosed rats receiving diet E showed 
considerable *‘spontaneous”’ healing. The figures in Table VI do not suggest that 
the excessive dietary fat has any appreciable direct effect on the healing. It 
will have been observed, however, that the tabulated results of the last two 
experiments indicate the existence of some correlation between healing and one 
other factor, viz. the Ca/P ratios of the diets. As the P contents do not vary 
within wide limits, it is to be expected that the Ca/P ratios will closely follow 
the Ca contents: this aspect will be considered in detail later. 


Experiment 3 

The next experiment was on a smaller scale. Its object was to discover 
whether spontaneous healing of rickets could be effected by feeding a diet con- 
taining very small quantities of salt mixture but no additional fat. For this 
purpose diet H was made up. As the animals would eat more of this diet than 
of the high-fat diet E, the salt mixture was included at only 1%. Some of the 
rats received vitamin D and some received none. Table VII contains the relevant 
data. Food consumptions were not recorded. 


Table VII. Production of “spontaneous” healing of rickets by the feeding 
of a low-salt diet for 10 days 


Diet 5 Diet 5 Diet H Diet E 
(undosed) (41.u./day) (undosed) (undosed) 
No. of animals 2 2 3 2 
Average healing in sq. mm. 0 36 82 117 


Extensive healing has taken place on the low-salt diet in the absence of 
either fat or vitamin D. It is impossible, with so few rats, to state whether or 
not the difference between the healings on diets H and E is significant. A more 
elaborate comparison of the two diets was then conducted. 
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Experiment 4 
To compare with diets H, E and 5, a new diet, diet G, was introduced, which 
contained no added fat, only 1-5 °% salt mixture, but 18 % meat meal; its purpose 
was to determine the effect of increasing the protein intake of the animals. 
The conduct of the experiment conformed closely to that of the three main 
experiments reported above, and the results are presented in a similar form in 


Table VIII. 


Table VIII. Average food consumptions (F.C.) and areas of new calcification in 
sq. mm. (H) arranged, except those of the “no dose” rats, horizontally as 
weight-grouped litter-mates 


Daily Diet E Diet H Diet G Diet 5 
dose of =—_——7 ———____~——___. A a 
vit. D tat tat Rat tat 
no. F.C. H no. F.C. H no. F.C. H no. F.C. H 
4 LU. — _ - 8538 9-4 480 - — oo 8537 10-6 125 
8539 9-7 480 : - - 8541 10-9 150 


8540 109 463 —- - = 8542 103 166 

8602 82 530 8598 90 320) aa , me 
~,+ 860 8: : 

mes ae - 3600 96 451; S601 1 MS 

. — — 8614 116 444) ata - aaa oie 
os | § 539 = 861 0-8 2 

2 _ - 8617 11-6 537} 8616 11-4 3: 615 10-8 »7 


- - — 8619 84 543 8618 102 442 — — 

40 OL (8644 10-2 492 — = — = a are 
a4 oS 75 6481 ines «106 «(586 
‘i 8690 82 416 8689 106 332 — —- —- — — = 
ma —- — — 8692 81 413 - — — sa 20 
; 8702 7-7 423) .. 
2? > . oe an a ae an iad 
3 ee eden 
4 8731 89 372 8733 113 466 — — — - —- — 


8734 85 353 8736 10:3 462 — — — — — — 
8768 7:3 418 8769 9-4 364 — — - — — — 
No dose 8730 6 163 8599 7-4 172 8597 6-7 142 8643 10-7 0 
8732 63 211 8770 8-2 326 —— — - — — — 
8735 69 130 — -— i 


we 


By the usual method the group averages from these data have been collected 


in Table IX. 


Table IX. Relative behaviour of the 4 groups of rachitic rats, each dosed daily 
with 0-5 1.0. vitamin D. All weights expressed as q. 


Diet E Diet H Diet G Diet 5 

No. of animals ake 7 15 4 6 
Average daily food consumption 7-6 10-1 10-8 10-4 
Average daily protein consumption 1-07 1-73 2-33 1-76 
Average daily phosphorus consumption 0-017 0-032 0-036 0-032 
Average daily salts consumption 0-114 0-10 0-16 0-42 
Average daily fat consumption 2-5 0 0 0 
Average healing in sq. mm. 431 467 406 18] 


It will be noted that neither the protein nor the fat consumption has any 
manifest bearing on the degrees of healing. 


Discussion 
All the experiments that have been described have yielded consistent results 
and the three major experiments (nos. 1, 2 and 4) in particular appear to be 
mutually supporting. In order to obtain a composite picture of the results they 
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have been re-tabulated below in dietary groups placed in order of the average 
degree of healing of rickets. 
Table X. Collected data concerning healing of rickets and diet. (All rats 
dosed 4 1.0. vitamin D for 10 days; all weights expressed as q.) 


Av. daily consumption of 








Av. (aos Ca/P 
Exp. No. of healing Salt Cooking- ratio 
no. rats Diet insq.mm. mixture Phosphorus Protein fat of diet 
4 15 H 467 0-10 0-032 1-7 0 l- 
2 1] Kk 455 0-10 0-015 0-99 2-3 2: 
4 7 kK 431 0-11 0-017 . 2-5 2: 
j 4 G 406 0-16 0-036 2-3 0 l- 
] 5 D 337 0-14 0-011 0-59 2+] 4- 
] 5 F 279 0-23 0-024 1-2 0 3: 
] 9 C 201 0-23 0-011 0-78 2-2 6- 
2 6 5 194 0-47 0-036 2-0 0 4-0: 
4 6 5 18] 0-42 0-032 1-8 0 4: 
2 14 B 177 0°36 0-015 1-0 2-4 7: 
2 9 A 154 0-60 0-014 0-97 2-4 12-85 


Of the five dietary variants listed, three, namely, phosphorus, protein and fat, 
are obviously unrelated to healing, while the other two, salt mixture intake and 
Ca/P ratio tend to increase with decrease of healing. The variation of the Ca/P 
ratio is of approximately the same order as that of the salt mixture intake; and 
this is to be expected because (a) the phosphorus, being wholly supplied by the 
maize and meat meal, does not vary widely, and (6) salt mixture intakes are not 
markedly disproportional to salt mixture contents of the diets. Although from 
the practical standpoint the ratio is unimportant, and will not therefore be taken 
into consideration, theoretically it merits close attention [cf. Bethke et al. 1932; 
Shohl, 1936; 1937]. To investigate the true role of the Ca/P ratio, diets with 
constant Ca contents and variable P contents must be included; moreover, 
allowance must be made for the presence of such unavailable forms of P as 
inositolhexaphosphate [Bruce & Callow, 1934, 2]. In the preceding Tables 
total P only has always been given and no account has been taken of the avail- 
ability of the element. Consequently the Ca/P ratios given are probably lower 
than the more important Ca/available-P ratios. 

For the purpose of graphical presentation of the relation between the two 
variants the collected results were divided into 4 groups, which were: 

(i) rats receiving } 1.v. daily and supplementary fat, 

(ii) rats receiving }1.v. daily and no supplementary fat, 

(iii) and (iv) the undosed rats with and without supplementary fat re- 
spectively. 

The healings of each group were then arranged in order of intensity and 
marked off into subgroups each representing about 8 rats. Average healing and 
salt intake were calculated for each subgroup and the resulting figures plotted. 
Necessarily it was impossible to take into consideration weight- or isogenic- 
grouping, but the large number of animals used (there were 131 altogether, | 
including 20 odd “‘unpaired” rats on the several diets which could not be 
incorporated in the separate experimental results) would cancel any errors due 
to variability of litter responses. The resultant averages were used to construct 
the curves in Fig. 1, which clearly illustrate both the lack of effect of the added 
fat and the relation of rickets healing to salt mixture intake with and without the 


presence of vitamin D. 
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The requisite adjustment of salt mixture intakes in an assay involving the 
feeding of large quantities of fat can be carried out in any of three ways: 

(a) indirectly by equalization of fat percentages in all diets, 

(6) directly by the equalization of the salt mixture in the diets as parts per 
anticipated daily consumption, 

(c) directly by the equalization of the salt mixture in the diets as parts per 


calorie. 


@ 0-5 1.U. per day + fat 
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Average daily salt mixture intake per rat 


Fig. 1. The small figures indicate the number of rats represented by each point. 


Because the primary object of this investigation was to determine the best 
method of assaying low-potency butters and margarines, all experiments have 
been based on the standard assay technique with its 16-18 day rachitogenic 
period on ‘diet 5”. The ancillary derivation of the relation between degree of 
healing and sait mixture intake cannot therefore be directly compared with similar 
derivations made by other workers who have usually fed their experimental diets 
from weaning. It is interesting to note, however, that Querido [1935] fed to rats 
a diet containing 0-35 ° Ca and 0-35 °% P (i.e. similar to our diet H, which gave 
very heavy healing) and found that it was non-rachitogenic even in the absence 
of vitamin D. Bruce & Callow [1934, 1] showed that the addition of available P 
to a high Ca/P diet markedly increased the therapeutic efficacy of vitamin D 
dosing. 

One aspect of rickets has been left untouched, viz. the composition of the 
bone ash. The effect of various salt mixtures on this will be examined in a 
subsequent publication. 

SUMMARY 


Experiments are described in which rachitic rats have been dosed with equal 
quantities of vitamin D in conjunction with various levels of the standard 
rachitogenic salt mixture, and, in some cases, with large quantities of fat. It 
has been found: 

(1) that, under the conditions of experimentation in this laboratory, the 
presence of excess fat in the diet influences the degree of new calcification pro- 
duced by vitamin D only indirectly by lowering the consumption of salts. In 
assay practice this means that low-potency butter and margarines can be 
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accurately tested only by equalization of the salt mixture intakes of test sub- 
stance and “‘standard”’ rats; 

(2) that the healing of rickets produced by vitamin D, as measured by the 
line test, is inversely proportional to the intake of salt mixture of which Ca is 
probably the influential constituent, and that a very low salt mixture intake will 
produce healing in the absence of vitamin D. 


The authors wish to thank the Directors of Lever Brothers & Unilever 
Limited for permission to publish these results. 
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LXXXI. THE PHYSIOLOGICAL PROPERTIES 
OF ASCORBIC ACID 


III. EFFECTS UPON WATER BALANCE AND UPON 
BODY COMPOSITION OF GUINEA-PIGS 


By MARGARET SHEPPARD anp EARLE WILLARD McHENRY 
From the School of Hygiene, University of Toronto 


(Received 18 March 1939) 


[N the first paper of this series a weight difference caused by ascorbic acid in 
paired-fed guinea-pigs was reported [McHenry ef al. 1938]. Several explanations 
regarding differences in metabolism, water balance and food absorption were 
suggested, and, in a later paper, observations on a difference in O, consumption 
were described [Fidlar et al. 1939]. The present communication deals with 
differences in water balance and in body composition under conditions similar to 
those previously used. 

Comparatively few references dealing with the effects of ascorbic acid upon 
water balance and upon the amounts of protein, fat and ash in guinea-pigs have 
been found in the literature. Doi [1938] reported an increase in the water 
content of liver, kidney, lung and muscle in scurvy. There are various reports on 
changes in nitrogen metabolism or in plasma protein [Doi, 1938; Nagayama & 
Sato, 1928; Shipp & Zilva, 1928] but none have been found regarding changes in 
the total nitrogen content of the animal. Doi [1938] found that the ash content 
of scorbutic guinea-pigs was normal. Other reports deal only with bone ash. The 
content of fatty acids was reported by Nagayama & Tagaya [1929] to be lower 
in scorbutic animals than in normal ones. 

Many of these investigators have pointed out that inanition may have been 
a factor in causing the observed results since there is a progressive loss of 
appetite as animals become deficient in ascorbic acid. We have endeavoured to 
eliminate the factor of inanition by using paired feeding, although ad lib. feeding 
has also been employed to study the effect of inanition. 


METHODS 


The technique of paired feeding employed by us, the care of animals and the 
composition of the basal diet have been described previously [McHenry e¢ al. 
1938]. As before, 3 groups of guinea-pigs were used, a “normal” group given 
basal diet ad lib. plus 5 mg. ascorbic acid daily, a “ basal” group given basal diet 
ad lib. and a “‘paired”’ group receiving that amount of basal diet consumed by 
the basal group on the previous day, plus 5 mg. ascorbic acid daily. The animals 
were housed in individual metabolism cages and received water ad lib.; daily 
records were kept of the intake of water and excretion of urine. 

At the end of 21 days the animals were killed and the bodies prepared for 
analysis by freezing on CO, ice. The frozen bodies from each group were finely 
minced and then thoroughly mixed. From the mixed material aliquots were 
withdrawn for moisture determinations, conducted by drying to a constant 
weight at 50°. 


( 655 ) 
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After drying, the aliquots were reground and mixed, after which fresh ali- 
quots were used for determinations of fat, nitrogen and ash. Total nitrogen was 
estimated by the Kjeldahl procedure, fat by ether extraction in a Soxhlet 
apparatus and ash by ignition to constant weight in an electric furnace. 


RESULTS 
Observations were made on three series totalling 15 pairs of animals and on 
two series of 10 normal guinea-pigs. Results from one series only are given since 
those from all series were comparable. 
Table I gives the observations on water balance. All figures are averages for 
groups of five animals. 
Table I 


Total water Total urinary 


Group intake excretion Difference Body-water Body-wt. 
ml. mi. ml. g. g. 
Normal 946 189 757 213 293 
Basal 869 286 583 163 222 
Paired 1260 542 718 186 248 
Table IT 
Normal Basal Paired 
ene —* a a me ms eee \ Cs ace om 
% Wt. % Wt. oe Wt. 
g. g. g. 
Water 72:8 213-0 73-6 163-0 74:9 186-0 
Fat 4:5 13-2 36 8-1 1-9 4:9 
Protein 16-6 48°8 18-0 38:9 16-4 40-7 
Ash 3-4 10-0 3°7 8-3 3°9 9-8 
Total 97-4 285-0 98-9 218-3 97:3 241-4 
Body-water 293 222 248 


Table II shows the results of the nitrogen, fat and ash determinations. The 
body-water content is repeated for comparison. Nitrogen content is given as 
protein, calculated with the conventional factor of 6-25. Values are given in 
weight as well as percentages since there are definite differences in the body 
weights of the separate groups. 

DISCUSSION 


Paired feeding has been used by us, as it has been employed by many others, 
to restrict the effect of differences in food consumption. The basal and paired 
groups received isocaloric amounts of basal diet and, so far as other foodstufts 
were concerned, differed from each other only in supplies of ascorbic acid and in 
the amount of water consumed. The normal group had available considerably 
more food. Records of food consumption show that the total food consumption 
of the basal and paired groups was 368 g. per animal, while that of the normal 
group was 443 g. The general interpretation of the experiment carried out in this 
way is that the basal and paired groups differed only in respect of the supply of 
ascorbic acid and that any observed results were due to this single variable. 

Considerable differences in water intake and urinary excretion were observed 
among the three groups. Although both the intake of water and output of urine 
in the paired group were much greater than in either of the other groups the 
water retention of the paired animals was of the same order as that of the normal 
group. The increased water consumption of the paired-fed guinea-pigs may have 
been due to their unsatisfied hunger because of the restricted food intake. 
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Ascorbic acid is apparently concerned, directly or indirectly, with water reten- 
tion. These results show that the weight differences observed in paired feeding 
experiments previously reported from this laboratory [McHenry et al. 1938] can 
be largely explained by variations in water retention. 71° of the difference in 
body-weight between the normal and basal groups is due to water, while 88 °% 
of the difference between the weights of the basal and paired groups is due to 
water. 

The decreased amounts of fat and protein found in the paired animals in 
contrast to those fed ad lib. would be expected because of the restricted supply 
of food but there is no difference in the total amount of ash. Animals in the 
paired group have not a normal body composition. While the amounts of protein 
and ash are less in the basal group than in the paired animals the differences are 
slight. There is one marked distinction between the basal and paired animals, 
namely, the amount of fat in the bodies. Guinea-pigs on a scorbutic diet have a 
greater O, consumption than paired animals given ascorbic acid, yet they retain 
almost double the amount of fat. We have no explanation at present for this 
difference in total body fat. 

SUMMARY 


Water intake, urinary excretion, and the amounts of water, fat, protein and 
ash have been studied in guinea-pigs receiving a basal scorbutic diet, in animals 
given isocaloric supplies of the diet plus ascorbic acid and in animals receiving 
the vitamin but allowed to eat ad lib. Under these conditions paired guinea-pigs 
drink more water and excrete more urine than do animals in the other groups. 
A lack of ascorbic acid causes a diminished retention of water which largely 
accounts for differences observed in body-weight. The deficient animals retain 
considerably more body fat than do the paired guinea-pigs despite the increased 
O, consumption which has been reported previously. 


This investigation has been greatly facilitated by a grant from the Banting 
Research Foundation for which the authors are sincerely grateful. 
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LXXXII. THE BIOLOGICAL DETERMINATION OF 
CRYSTALLINE VITAMIN B, 


By KATHARINE HOPE COWARD 
AND BARBARA GWYNNETH EMILY MORGAN 


From the College of the Pharmaceutical Society, London 
(Received 30 March 1939) 


KINNERSLEY & PETERS [1936] stated that, although they had always found a 
rough relation between effect and dose of vitamin B, when this was given in the 
form of a food or concentrate, this relation did not hold at all when crystalline 
vitamin B, was given. They measured effect by the duration of the cure of 
“retracted neck” in pigeons. Doses of concentrates were given by mouth but 
doses of crystalline vitamin B, were given by injection. When they gave doses of 
crystalline vitamin B, by mouth, the effect, as measured by the duration of 
cure, still bore no relation to the size of dose given, but when measured. by the 
percentage of birds cured (7g. cured 75 % and l4yg. cured 90 %) then a 
relation between effect and size of dose became apparent. They therefore con- 
sidered the oral route the more satisfactory way of giving doses, but concluded 
finally that the ‘‘day-dose”’ method of evaluating results from pigeons is not 
satisfactory for assay of injected crystalline vitamin B, though useful in assaying 
impure preparations of the vitamin. 

We had ourselves by that time obtained one result showing a relation between 
effect and dose of crystalline vitamin B,, the effect being measured by the per- 
centage of birds cured and doses being given orally. There was also a difference 
in the effects as measured by the average duration of the cure but it was not a 
large one (Table la). We decided, therefore, to carry out further tests, as it 
seemed probable that crystalline vitamin B, would shortly take the place of the 
adsorbate of that factor which had been used as the International Standard for 
several years. We wished also to obtain further information on the accuracy of 
the pigeon test, for it has the distinct advantage of being specific for vitamin B, 
while the “‘increase in weight”’ method is not. 


EXPERIMENTAL 


We always use pigeons suffering from their first attack of “‘retracted neck”’. 
Pigeons which have been cured in one.experiment are never used a second time. 
As the birds become ready for test they are distributed in rotation to the various 
groups arranged for the comparison, so that as nearly as possible equal numbers 
of birds are assigned to each group and given their doses on the same day. 

Our first experiment, mentioned above, with graded doses of the crystalline 
vitamin B,, was a comparison between the crystalline preparation destined for 
the new International Standard and the current International Standard of 
vitamin B, adsorbate. In all experiments doses were given orally. In this one, 
doses of 5 and 10g. crystalline vitamin B, were tested in series with a dose of 
3 units (0-03 g.) of the International Standard. The dose of 5ug. produced 
33-3 % of cures in 15 birds and the dose of 10 ug. produced 66-7 °% of cures in 
15 birds. This was very clear evidence of a graded response to graded doses of the 
vitamin (Table Ia). 

( 658 ) 
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Table I. Response of pigeons to graded doses of crystalline vitamin B, given 
orally. Criteria: percentage of birds cured and duration of cure 


Av. duration 
Dose No. of birds of cure of 
Exp. pg. dosed % birds cured birds, days 
a 5-0 li 33:3 3-6 
10-0 EF 66-7 4:3 


4-5 2% 54-5 6-6 
9-0 22 81-8 : 
13-5 22 90-9 6:2 


3-0 2: 59-1 6 
6-0 = 50-0 8- 
9-0 22 77:3 7 
1-0 2: 8-0 
3-0 2: 28-0 
9-0 2: 56-0 


Our second experiment was performed merely to investigate the nature of 
the relation between the dose of crystalline vitamin B, given by mouth and the 
percentage of birds cured. Doses of 4:5, 9-0 and 13-5yg. of crystalline B, were 
given to different groups, each group consisting of 22 birds. The percentages of 
birds cured were 54-5, 81-8 and 90-9 respectively, again a graded response to 
graded doses given (Table Ib). 

In our third experiment doses of 3, 6 and 9g. respectively were given to 
different groups with 22 birds in each group. The percentages of birds cured 
were 59-1, 50-1 and 77-3 respectively. If one may judge from the other tests, it is 
the group given the lowest dose which is out of line in this series (‘Table Ic). 

In our fourth experiment a greater spread of doses was chosen, namely 1, 3 
and 9yg., a series nearer the lower end of the curve. The percentages of birds 
cured were 8-0, 28-0 and 56-0 respectively, again a graded response to graded 
doses given (Table Id). 

Thus it is evident that when the percentage of birds cured is used as the 
criterion of activity the response of pigeons is graded to the dose given. 

The average duration of the cure of these birds was also noted, but many of 
the birds that had been cured died suddenly without developing retracted neck 
again. However, the cure was counted as lasting up to the day of death. It may 
be seen from Table La, 6, c, d, that the duration of cure of birds given different 
doses of crystalline vitamin B, by mouth is not graded to the dose given. Yet 
Coward et al. [1933] had obtained responses which, when measured as duration 
of cure, were graded to the dose of vitamin B, given by mouth when the vitamin 
was contained in (a) an acid clay adsorbate, (b) dried yeast, (c) a concentrate, 
(d) an extract of rice polishings and (e) a soft extract of yeast. Thus our ex- 
perience with regard to the “‘duration of cure” criterion for measuring vitamin 
B, has been similar to that of Kinnersley and Peters. With regard to the use of 
“percentage of birds cured” as criterion we consider we have ample evidence 
that the response thus measured is graded to the dose of crystalline vitamin B, 
given orally. 


The accuracy obtainable by this method (% of birds cured) 
The examination of the figures obtained in these tests shows that we did not 
attain a much greater degree of accuracy than that calculated from our figures 
by the Sub-Committee on the Accuracy of Biological Assays, Pharmacopoeia 
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Commission [1936]. The accuracy of a determination based on an “‘all or none” 
reaction may be calculated from the following equation: 


hse I (y’- 7") 0, l 
A u= (x Bn) * S(B'n") tO sf x pa? 


in which Ay, is the standard deviation of the logarithm of the ratio of the activi- 

ties, 

n’, n” are the numbers of animals in the groups given a dose of Standard 
and test substance respectively, 

3B’, B" are the corresponding “weight factors” which depend on the 
observed percentage response, 

y’, y” are the normal equivalent deviations corresponding to the per- 
centage of birds cured, 

bis the slope of the curve relating y to the log of the dose to the base 10, 


o, is the standard deviation of b. 


The values for y’, y” are found directly from tables [Gaddum, 1933; Bliss, 
1935; Pearson, 1930 (Table I)]. The values for B’, B” are found from the equation 
B=2*/pq, in which z is found from Pearson’s Table II, x in this table being y of 
the present calculation, p is the proportion of birds cured and q the proportion 


not cured. 
It is obvious from the form of the equation that (a) the larger the number of 


animals used, (b) the larger the values of B (i.e. the more nearly the number of 
birds cured approaches 50 %) and (c) the steeper the curve of response, the more 
accurate will the determination be. 

In order to gain a general idea of the accuracy obtainable by using a reason- 
able number of birds in this test, the Sub-Committee on the Accuracy of 
Biological Assays (Brit. Pharm. Commission) chose the values n’=n"= 10, 
B' = 8" =0-5 (which corresponds to about 79 or 21 % of birds cured in each 
group), y’=y" (which makes the last fraction in the bracket of the equation 
vanish, and b=2-00 (the average of the 6 values, 1-80, 2-64, 1-50, 1-11, 1-25 and 
4-0 already available from 6 different experiments). Thus estimated, Ay was 
equal to +0-3162. By multiplying this by 2-576 and taking the antilogs, the 
limits of error (P=0-99) were estimated as 15 and 650 %. 

The results already described in this paper can be used to gain further in- 
formation on the accuracy of the pigeon method (°% cure of birds). The same 
conditions of experiment as in the B.P. estimation of the accuracy of the method 
may be assumed, i.e. n’=n" = 10 and B’= 6b” =0-5 (79 or 21 % of the birds were 
cured in the two groups given Standard and test substance respectively). The 
only difference lies in the slopes of the curves of response. These were calculated 
as regression lines relating the normal equivalent deviation (determined from 
tables from the percentages of birds cured) and the log to the base 10 of the dose 
of crystalline vitamin B, given. The 4 values for 6 found from the 4 experiments 
were 2-87, 2-57, 1-85 and 2-95 respectively; the mean, weighted according to the 
number of birds used in constructing each curve, was 2-53, not greatly different 
from the mean 2-00 used in the B.P. estimation of the accuracy of the test. Aj, 
was calculated for each of the 4 experiments as +0-2204, + 0-2458, +0-3419 and 
+0-2145 respectively. The limits of error (P=0-99) were found to be 27-370, 
23-430, 13-760, 28-357, mean 21-466, not very different from the first estimate 
of 15-650. 
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The probability that there has been a gain in accuracy in the last 4 experi- 

ments is very small indeed. Since the slopes of the curves are the determining 
M,-M, 

Ve? + €9) 
been determined for the two average slopes (2-00 for the first set of 6 “oe s, used 
by the Sub-Committee on the Accuracy of Biological Assays, and 2-53 for the 
4 experiments described in this paper). ¢ was found to be 1-145, which is not large 
enough to indicate a significant difference between two averages of 6 and 4 
observations respectively. Hence, unless some means of obtaining a much steeper 
curve of response can be discovered, it seems unlikely that the test can be made 
to give more accurate results than have been already obtained. 


factors in these calculations of the limits of error, the value of t= has 


Table Il. The accuracy obtainable in pigeon tests in which n'’=n" =10, b=2-00; 
the percentage of birds cured is the same in both groups (on Standard and test 
substance respectively) and ranges from 50 to 5 or. 95 % 

Limits of error 

% birds cured Am Ay * 2-576 P=0-99 
50 -0-28027 t(-7220 19-527 

40 or 60 +-0-28362 +0°7306 19-538 
30 or 70 +O0-29517 -O-7604 17-576 
20 or 80 -0-31954 +-0-8230 15-665 

10 or 90 +0-38228 -O-9848 10-966 

5 or 95 +0-47272 t1-2177 6-1650 

0 or 100 % o O-« 


A calculation has been made of the accuracy obtainable in similar pigeon 
tests with b= 2-00, n’=n"”=10 and B calculated from the assumption that both 
groups had equal percentages of birds cured, ranging from 50 to 5 or 95 %. It is 
summarized in Table II. It is evident that the accuracy does not vary much 
when the results lie between 30 and 70 % or even between 20 and 80 %, but 
beyond those limits the accuracy decreases very rapidly indeed, and, very 
obviously, no faith whatever could be placed in a result in which the doses of 
Standard and test substance respectively cured 100 °% of birds in both groups. 


SUMMARY 


Four ¢ experiments have been carried out in which it has been found that the 
responses of pigeons were graded to the dose of crystalline vitamin B, given. The 
criterion used was the percentage of birds cured of retracted neck; the doses were 
given orally. These findings confirm and greatly augment the evidence for the 
statement of Kinnersley & Peters that a relation between effect and size of dose 
of crystalline vitamin B, givén orally becomes apparent when the effect is 
measured by the percentage of birds cured. 

When the response was measured by the duration of the cure of those birds 
which were cured, the response bore no relation to the size of dose of crystalline 
vitamin B, given. This confirms the statement of Kinnersley & Peters that the 
‘‘day-dose”’ method of measuring the response of pigeons to doses of crystalline 
vitamin B, is useless. 

Conditions for obtaining the greatest accuracy possible in this method are 
discussed. 

The apparently greater degree of accuracy which seemed to be obtainable 
after an examination of the figures obtained in these experiments, when com- 
pared with the original estimate of the accuracy of the pigeon test, was found not 
to be significant. The pigeon test, even using the percentage of birds cured, 
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therefore remains the least accurate of those methods of vitamin assay whose 
accuracy was investigated by the Sub-Committee on the Accuracy of Biological 
Assays, British Pharmacopoeia Commission. 
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THE absorption of Ca and P from the alimentary tract is believed to be influenced 
by a variety of factors, such as vitamin D, the acidity of the intestinal tract, the 
Ca/P ratio in the diet, parathormone etc. A discussion of all these is beyond the 
scope of this work; a summary of published work may be found in a paper by 
Nicolaysen [1937, 1]. Most of the work on absorption, however, has been carried 
out till now by estimating the intake of Ca and P and the output of these ele- 
ments in urine and faeces. The amount of Ca or P found in the faeces is usually 
the sum of the quantity left unabsorbed and that excreted into the intestines. 
Hence, although the “ balance”’ method might yield useful information about the 
total retention of Ca and P, it will not give a true picture of absorption alone. 
Recently the isolated loop technique of Verzar [1935] has been used for studying 
the absorption of Ca and P. Nicolaysen [1937, 2] found that the absorption of 
potassium phosphate and sodium glycerophosphate from isolated loops pro- 
ceeded equally well in normal and vitamin D-deficient rats. He also found that 
the absorption of inorganic phosphate increased with increasing concentration. 
Laskowski [1937], using similar technique, also found that vitamin D did not 
influeice the absorption of P, but parathormone did. A reference to both these 
papers wil! be made later on. 

No informaticn is available about the route by which Ca and P enter the 
general circulation after absorption from the intestines. There are two possible 
routes, (1) the portal system and (2) the lacteals, lymphatics of the mesentery and 
the thoracic duct. So far as the absorption of P is concerned no work has been 
reported dealing with this aspect. As Schmidt & Greenberg [1935] suggest, one 
may speculatively assume that after absorption P is carried by the portal blood 
and enters the general circulation via the liver. In a study on the absorption of 
amino-acids into the capillaries and the lacteals of the villi Bolton & Wright 
[1937] could find no evidence of a selective activity on the part of either. Whether 
such selective activity is also absent in the absorption of phosphate could only be 
shown by further investigation. 

The main purpose of the present investigation was therefore to find the route 
of absorption of P from the intestines. Additional light has been thrown on the 
influence of concentration and pH on the absorption of P and on the availability 
of ester P. These latter aspects are discussed first, and the experiments designed 
to show the route of absorption are described in the latter part of the paper. 

METHODS 

The experiments described in the following pages were carried out on 
normal healthy dogs. The dog selected for any particular experiment was starved 
for 16-20 hr. before being subjected to ether or chloroform anaesthesia. The 
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abdomen was opened with a midline incision and the portal vein was exposed by 
turning over to one side the intestines, including the duodenum. 5-10 ml. blood 
were then taken from the portal vein by means of a syringe, a known volume of 
the phosphate solution, previously warmed to 37°, was introduced into the 
duodenum by means of a hypodermic syringe and the abdomen was closed by 
adjusting the flaps and holding them in position by means of forceps. At inter- 
vals the abdomen was reopened and 5-10 ml. blood were withdrawn from the 
portal vein. The experiment lasted for 3-4 hr. during which time the dog was 
kept anaesthetized and warm. 

The blood was always delivered into a tube chilled to 0°; it was gently shaken 
and portions were measured out for analysis. The P analyses were carried out on 
whole blood as follows. 

Total phosphorus. 0-5 ml. whole blood was oxidized with a mixture of 
HNO, and H,SO, (3:7). The oxidation was completed with perhydrol and the 
digested mixture heated long enough to drive out the last traces of HNO,. 
About 2 ml. water were added and the contents boiled and left overnight. The 
digest was then made to 50 ml. with the addition of distilled water and P was 
determined in an aliquot portion by the Bell & Doisy [1920] modification of 
Briggs’s method. : 

Acid-soluble phosphorus. 5 ml. whole blood were mixed with 35 ml. water and 
10 ml. 20 % trichloroacetic acid. The mixture was well stirred, allowed to stand 
for 10-15 min. and filtered. Estimations of total and inorganic P were carried 
out in aliquot portions of the filtrate. 

In later experiments where P estimations in lymph were carried out, a 
weighed quantity of lymph was treated with trichloroacetic acid and water, 
made up to a known volume and P was estimated as mentioned above. 

Calcium. In some experiments Ca also was estimated in deproteinized whole 
blood filtrates. Ca was precipitated as oxalate and titrated with V/100 KMnO,, 
the procedure adopted being that described by Wang [1935]. 


FACTORS WHICH INFLUENCE THE ABSORPTION OF P 
The effect of anaesthesia on the P of blood 


In order to be certain about the value of the results obtained by the above 
technique it was necessary to determine the effect of anaesthesia on the P of 
blood. For this purpose a dog was starved for 16-18 hr. and a sample of blood 
withdrawn from a peripheral vein in the hind leg. The dog was anaesthetized 
with chloroform and ether and kept under anaesthesia for 3-4 hr.; at intervals 
blood was withdrawn from a peripheral vein and analysed. Since the dog was in 
the post-absorptive stage there would probably be no difference in the P contents 
of the portal and peripheral blood. Hence one might reasonably assume that the 
determination of P in blood from a peripheral vein would give results applicable 
to the whole venous blood of the anaesthetized animal. 


Table Il. The effect of ether and chloroform anaesthesia on blood P 


mg./100 ml. whole blood 


Time Total P Acid-soluble P Inorganic P 


Before anaesthesia 47°53 25:15 3-61 
0 hr. under anaesthesia 48-0: 29-07 4-73 
29-07 6-02 
29-20 6-66 
26-60 5:25 
26-26 5-21 
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This and similar experiments showed that the inorganic P of the blood in- 
creased appreciably under anaesthesia and simultaneously, but to a much less 
extent, the total P of the whole blood also increased. In both cases the maximum 
was reached within 1 hr., after which the values tended to diminish. Such 
increase in the inorganic phosphate of the blood has been observed previously. 
Marenzi & Gerschman [1934] found the inorganic phosphate increased during 
ether anaesthesia. They state that this increase was not due to changes in the 
organic P compounds of the blood; the excess inorganic P came possibly from 
sources other than blood. That this is partly true is evident from a slight in- 
crease in the total P of the blood (Table I), but it is also possible that a fraction of 
the increase in inorganic P might be due to the changes in some of the organic P 
compounds of the blood, e.g. changes which cause a large increase in the soluble 
fraction. 

It will be clear from the experiment quoted above that in any study of 
absorption on anaesthetized animals based on estimations of concentration in 
blood of the substance under investigation, it is necessary to bear in mind the 
changes which result from anaesthesia. The alterations in the concentration of 
substances in blood due to absorption from the intestines will, under such con- 
ditions, be superimposed on the changes due to anaesthesia. Since these 
latter are seldom identical it has not been possible to make quantitative 
allowances for them. The rate of uptake of the substance in question by tissues 
introduces a further difficulty in the way of a quantitative study of absorption 
by this method. Thus the concentration in blood of a substance being absorbed 
from the intestines will depend upon at least two factors: (1) the rate of absorption 
from the intestines and (2) the rate of removal by the tissues. As it is difficult to 
obtain reliable information at present concerning the second factor a strictly 
quantitative interpretation of the results is not possible. Nevertheless it is 
possible to derive certain useful information concerning the various factors 
which can influence absorption from the intestines. The results of the experiments 
described in the following pages have been interpreted after bearing in mind these 
difficulties. 

It is necessary to explain the reason why only whole blood was selected for 
analysis. As a result of the absorption of P from the intestines there should be a 
rise not only in the inorganic P of the blood, but also in the total P of the whole 
blood. It will appear from Table I that in anaesthesia an increase in the in- 
organic P of the blood can take place without a corresponding increase in the 
total P. In such experiments on absorption one might easily be led to conciude, 
on the strength of an increase in the inorganic P only, that a given substance 
has been absorbed; for instance, experiments with sodium phytate described in 
Table III (C and D) show a marked rise in inorganic P, but no rise in the total P. 
In those experiments it would not have been possible to arrive at any conclusion 
unless the total and inorganic P had both been determined. That this procedure 
is justified is shown by the close correspondence between the increase in inorganic 
P and the total P observed in the early stages of absorption of inorganic phos- 
phate (Table I). 

No attempt has been made to study the partition of the absorbed P between 
the plasma and the corpuscles. It is possible that the sudden and large influx of 
inorganic P in the plasma might upset the equilibrium existing between the 
several P compounds of the red blood cells and the plasma. The conclusion of 

3uell [1923] that the red blood cells contain no inorganic P has not been con- 
firmed by Halpern [1936], who has shown that at 37° the membrane of the red 
blood cell is permeable to phosphate ions, the extent and direction of the 
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exchange of these ions depending upon the metabolic activity of the R.B.c. It is 
proposed to investigate shortly the effect which the absorption of P has on the 
distribution of P compounds in blood. 


The absorption of inorganic phosphate 


Aqueous solutions of Na,HPO,, adjusted to definite pH by titrating with 
solutions of NaH,PO, and containing known amounts of P, were introduced into 
the duodenum and blood from the portal vein was analysed at intervals. The 
details and results of the experiments are given in Table II. 


Table Ii. The absorption of sodium orthophosphate 


mg./100 ml. whole blood 


A 





ee ee ee ee ee Se ae aa 
Time, Total Acid-soluble — Inorganic 
Particulars hr. P P r Calcium 

A. Wt. of dog, 11:0 kg. Phos- 0 59-27 41-21 7-19 6-90 
phate solution injected, 4 70-06 51-63 17-64 5-60 

40 ml. containing 933 mg. 1 66-74 44-80 14-78 3-60 
P at pH 9-4 (23-3 mg. P/ml.) 2 63-10 43-14 14-61 3°50 
3 63-73 43°73 14-80 4-00 

B. Wt. of dog, 8-13 kg. Phos- 0 46-46 28-61 8-61 6-79 
phate solution injected, 3 49-02 31-56 12-01 6-43 

40 ml. containing 870 mg. 1 51-12 37°83 14:28 4-64 

P at pH 7-0 (21-75 mg. 2 53-99 36-86 = 2-58 
P/ml.) 3 = 41-16 18-17 — 

C. Wt. of dog, 6-07 kg. Phos- 0 46-49 24-40 6-14 7-38 
phate solution injected, 4 49-62 28-47 9-48 5-58 

40 ml. containing 492 mg. 1 51-86 27-97 10-79 5-40 
Pat pH 7-0(12:3 mg. P/ml.) 2 52-07 25-10 11-36 — 

3 52-94 26-03 12-33 - 

D. Wt. of dog, 8:88 kg. Phos- 0 48-09 27-96 5-00 — 
phate solution injected, 4 54-76 36-94 12-03 = 

35 ml. containing 764 mg. ] 55-0 42-4] 14-65 — 
Pat pH 4-9(21-8mg.P/ml.) 2 56-9 42-7] 16-49 - 

3 63-8 46-59 19-76 — 


It appears that the rate of absorption of P is influenced by the pH of the 
solution introduced. In experiments at pH 9-4, 7-0 and 4-9 the concentration of 
P per ml. of solution injected was very nearly the same. It was found that pH 
influenced mainly the rate of absorption and not so much its extent. A rise in in- 
organic Pof more than 10mg./100 ml. blood was obtained in all these experiments : 
at pH 9-4, however, the peak was obtained within half an hour of the intra- 
duodenal injection while at lower pH it was reached in about 3 hr. A comparison 
of experiments B and C showed that at the higher concentration of P the extent 
of absorption was more than at the lower concentration. Another interesting 
observation was that in the early stages of absorption there was a close corres- 
pondence between the increase in the inorganic P and the total P of the whole 
blood, but in later stages the increase in inorganic P over the original level was 
more than the corresponding increase in the total P. 


The absorption of phosphoric esters 


Sodium glycerophosphate. Aqueous solutions of sodium glycerophosphate 
adjusted to definite pH by dilute HCl were introduced into the duodenum and the 
experiments were carried out as in the case of inorganic phosphate. The absorp- 
tion of P took place both at pH 7-0 (Table III, Exp. A) and 4-9 (Table IIT, 
ixp. B). When these experiments were compared with those on the absorption 








INTESTINAL ABSORPTION OF P 667 


of sodium phosphate (Table II, Exps. C and D) at the corresponding pH values, 
it was evident that at pH 7-0 the absorptions of sodium phosphate and glycero- 
phosphate proceeded at practically the same rate, but at pH 4-9 the rate of 
absorption of the latter was slower than that of the orthophosphate. An 
explanation of this curious behaviour which suggests itself to the authors is that 
possibly the rate of absorption of glycerophosphate is limited by the rate of 
liberation of inorganic P from it by enzymic hydrolysis of the ester. Nicolaysen 
[1937, 2] found that when glycerophosphate was injected into isolated loops of 
rat’s intestines at pH 6-0 only a very small fraction of total P remaining in the 
loop at the end of 1 hr. was present as inorganic P, while in a similar experiment 
at pH 8-5 one to two thirds of the remaining P were found as inorganic P. 
Nicolaysen therefore concluded that glycerophosphate could be absorbed without 
previous hydrolysis. How far Nicolaysen’s experiments lend themselves to this 
interpretation is not quite clear. It is possible that at pH 8-5, which is near the 
optimum pH for the activity of phosphatase, the rate of hydrolysis of glycero- 
phosphate might exceed that of the absorption of the liberated inorganic P and 
at pH 6-0 this relation might be reversed. This could provide an alternative 
explanation of Nicolaysen’s observations. Laskowski [1937], also using the loop 
technique, found that at pH 7-2 the absorptions of inorganic phosphate and of 
glycerophosphate proceeded practically at the same rate. He further found that 
those esters which were hydrolysed very slowly were also absorbed very slowly, 
an observation which suggests that liberation of phosphate in inorganic 
form is necessary before it can be absorbed. Similar conclusions could 
be drawn from the experiments described in the present communication 
(Table III). At pH 7-0, at which the phosphatase might be active, hydrolysis and 
also absorption might have proceeded at a rapid rate but at pH 4-9 the enzyme, 


Table III. The absorption of phosphoric esters 


mg./100 ml. whole blood 





c as ese 7. ——o ‘Y 
Time, Total Acid-soluble Inorganic 
Particulais hr. P ; P Calcium 

A. Sodium glycerophosphate. 0 48-58 28-04 2-77 6-41 
Wt. of dog, 7-63 kg. 40 ml. J — 30-15 4-35 5-49 
injected contained 520 mg. 1 52-64 35-72 7-14 4-59 
Pat pH 7-0(13-0 mg. P/ml.) 2 51-25 35-09 7-87 3-60 

3 54-59 38-84 8-70 3°51 
ft 53-31 33°34 7-29 3-15 

B. Sodium glycerophosphate. 0 50-40 35-68 4-70 — 
Wt. of dog, 7-57 kg. 30 ml. $ 56-30 41-35 7-89 — 
injected contained 687 mg. 1 57-20 40-82 10-81 -= 
P at pH 4-9 (22-6 mg. P/ml.) 2 60-67 39-14 10-46 — 

3 58-68 43-60 10-59 — 

C. Sodium phytate. Wt. of 0 60-24 30-15 2-63 — 
dog, 10-75 kg. 55 ml. in- J 60-81 30-46 3°61 — 
jected contained 372 mg. P 1 61-55 31-11 4-11 — 
at pH 3-8 (6-76 mg. P/ml.) 

D. Sodium phytate. Wt. of 0 59-46 -—- 515 -- 
dog, 10°83 kg. 35 ml. in- J 59-74 38-98 7-94 — 
jected contained 334 mg. P I 58-88 37-82 7-96 -- 
at pH 5-2 (9-54 mg. P/ml.) 2 58-46 — 9-30 = 

3 59°17 38-05 8-08 — 

EK. Calcium glycerophosphate. 0 50-69 27-46 3-67 6-30 
Wt. of dog, 9-20 kg. 40 ml. ] 51-98 29-12 5-38 6-86 
injected contained 340 mg. 2 54:26 30-98 6-74 7-60 
P at pH 4-9 (8-5 mg.P/ml.) 3 mo 33-63 7-16 7-23 

4 57-11 35°58 7:77 7-23 
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being considerably less active on account of the unfavourable H ion concentra- 
tion, might not bring about the hydrolysis rapidly enough to permit the maximum 
rate of absorption, and hence the concentrations of inorganic and total P in the 
blood of the dog absorbing glycerophosphate at pH 4-9 would be considerably 
lower than in a corresponding experiment with inorganic phosphate. 

Sodium phytate. A solution of the salt of inositolhexaphosphoric acid pre- 
pared according to the method described by Patwardhan [1937] was used in 
concentrations of 6-76 and 9-54 mg. P/ml. In higher concentrations than these 
the salt would not remain in solution unless acid were added to depress the pH 
below 3-0. Actually the two experiments were carried out at pH 3-8 and 5-2. 
There was a rise in the inorganic phosphate of the portal blood, but the elevation 
of total P in blood was such as could be obtained merely by anaesthesia. Hence 
it was considered that phytate was not absorbed. This experiment can be com- 
pared with that on calcium glycerophosphate (Table III, Exp. E). The solutions 
of the respective salts contained practically the same concentrations of P. 
While in the case of calcium glycerophosphate there was a rise of 6-5 mg. in the 
total P, in the case of phytate the rise was less than 0-5 mg. From these experi- 
ments on organic P compounds the conclusion can reasonably be drawn that P 
must be released from inorganic combination before absorption and that when 
it is not liberated by hydrolysis for want of suitable conditions it is not absorbed 
from the intestines, thus confirming Laskowski’s conclusions reached by 
different methods. 


The effect of the absorption of phosphate on blood Ca 


Simultaneously with the rise of inorganic P of the blood as a result of anaes- 
thesia there is observed a slight but definite fall of blood Ca. That there is a fall 
in the blood Ca under the influence of narcotics had been observed by Cloetta 
et al. [1934] in dogs to which were administered paraldehyde, chloral hydrate or 
‘“numal”’, singly or in mixtures. On the other hand Emerson [1928] reported a 
rise in serum Ca under ether anaesthesia, but he also found that under ether 
anaesthesia accompanied by a certain amount of asphyxia serum Ca showed a 
slight fall. Patwardhan & Chitre (unpublished experiments) observed a slight 
depression of serum Ca level after the administration of urethane ; similar results 
were obtained after giving a mixture of ether and chloroform. Any change in 
Ca level which results from the influx of phosphates into the blood of an anaes- 
thetized animal will therefore be superimposed on the changes caused by 
anaesthesia as in the case of phosphates. Fortunately, however, the fall in blood 
Ca due to anaesthesia is small, never exceeding 1-0 mg./100 ml. serum. 

In the experiments in which P was being absorbed from the intestines the 
amount of blood Ca was found to fall as the concentration of inorganic phosphate 
in the blood increased (Tables IT and ITI), this fall being larger than that which 
would be caused by anaesthesia alone. Binger [1917] noticed that intravenous 
injection of alarge dose of sodium phosphate into a dog lowered the blood Ca. That 


this was not merely due to the dilution of blood involved in the injection of 


large volumes of sodium phosphate solution was shown by Tisdall [1922], who 
injected stronger solutions and obtained similar results. That the amount of Ca 
in blood is lowered also during the absorption of phosphate from the intestines is 
evident from the experiments quoted in Tables If and III. But when Ca and P 
were being absorbed simultaneously the effect on blood Ca was found to be 
different. For such an experiment it was necessary to ensure that Ca and P could 
be administered together without the formation of insoluble calcium phosphate. 
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Such a condition could be fulfilled by using calcium glycerophosphate in acid 
solutions. Hence an aqueous solution of the calcium salt at pH 4-9 was injected 
into the duodenum and the Ca and P were estimated in the portal blood at 
intervals. It was observed that Ca was absorbed more rapidly than P. 
Although the rise in Ca is, at its maximum value, only 1-4 mg. it becomes 
significant when it is remembered that ordinarily the level would have fallen 
much below the original. The absorption of P in this experiment proceeded 
slowly, more slowly than that of Ca; it was probably limited by the extent of 
hydrolysis. Higher concentrations of calcium glycerophosphate could not be used 
as even at pH 4-9 the salt precipitated out of solution. 


II. THE ROUTE OF ABSORPTION 


The experiments described in the first section of this paper had shown that 
the absorption of phosphates proceeded by way of the portal circulation. An 
alternative route lies via the lacteals, lymphatics of the mesentery and the 
thoracic duct, for the investigation of which the following addition to the tech- 
nique already described was made. Lymph can be obtained from the thoracic 
duct or the cysterna chyli. The easiest way of obtaining it, however, is that 
described by Verzar [1936] for use with rabbits. The lymphatics of the intestines 
of the dog meet in the root of the mesentery and form into large lymphatics 
which lead to the cysterna chyli. When these lymphatics were cut the lymph 
oozed out fairly rapidly and could be sucked up by a pipette. It was delivered 
into weighed tubes which were weighed again to find out the quantity of lymph 
taken for analysis. This was essential since lymph clotted very rapidly, making it 
difficult to measure the volume accurately. Trichloroacetic acid was added to 
deproteinize the lymph and P was estimated as already described. Total P estima- 
tions were not carried out on lymph. Blood samples taken at intervals from the 
femoral or carotid artery were also analysed as before. Two typical experiments 
are given below, one with sodium phosphate and another with sodium glycero- 


phosphate. 
Table LV 
Time, Total Acid-soluble Inorganic 
Particulars hr. y P P 
Lymph* 

A. Orthophosphate. Wt. of dog, 10-0 kg. 0 7-49 5-71 
28 ml. at pH 4-9 injected, containing 0-5 10-42 8-46 
862 mg. P (30-78 mg. P/ml.) 1 12-62 11-99 

2 14-52 13-51 
3 13-27 12-30 
Blood+ 
0 45-4 22-65 5-63 
2 52-6 29-27 12-63 
3 52°5 28-41 12-63 


Lymph* 


B. Glycerophosphate. Wt. of dog, 8-83 kg. 0 6-26 4-20 


38 ml. at pH 4-9 injected, containing 0-5 11-93 8-20 
744 mg. P (19-58 mg. P/ml.) l 12-31 11-49 
2 12-43 10-44 
3 11-62 10-05 
Blood+ 
0 46-5 29-77 3°17 
2 54-2 36-98 10-59 
3 54-0 35-92 9-38 


* mg. P/100 g. lymph. + mg. P/100 ml. whole blood. 
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From Table IV it will appear that there is a gradual rise in the inorganic and 
the acid-soluble P of the lymph which runs almost parallel with that in the 
arterial blood. The experiments described before showed that P is absorbed via 
the portal circulation; those described now show that it is also absorbed by the 
lymphatic route. Patwardhan & Chitre (unpublished experiments) have found 
that Ca is also absorbed in a similar manner. 

This conclusion opens up a new field for work. The problem arises as to 
whether under certain conditions the absorption of P into the capillaries or the 
lacteals of the villi could be altered in favour of either of these two routes; it 
remains also to be seen whether those conditions which affect beneficially or 
adversely the absorption of P from the intestines have any influence on the 
route of absorption. Further work is in progress to elucidate these and other 
connected problems. 

SUMMARY 


The absorption of sodium phosphate, glycerophosphate and phytate has been 
studied by estimations of Pin blood and lymph after the intraduodenal injection 
of the phosphate solutions into anaesthetized dogs. Orthophosphate was 
absorbed very rapidly at pH 9-4. The rate of absorption diminished at pH 7-0 and 
pH 4-9. At pH 7 7-0 the glycérophosphate was absorbed as rapidly as the ortho- 
phosphate, but at pH 4-9 the former was absorbed much more slowly than the 
latter. Sodium phytate was not absorbed at pH 3-8 or 5-2. Blood Ca fell during 
the absorption of P, but when calcium glycerophosphate was given the blood Ca 
rose with the blood P. 

When sodium orthophosphate or glycerophosphate was injected into the 
duodenum the concentrations of inorganic and acid-soluble P in blood and lymph 
increased considerably, showing that P was being absorbed by the capillaries as 
well as the lacteals of the villi, 


The authors have great pleasure in thanking Prof. 8S. P. Niyogi for criticism 
and helpful suggestions and Dr Jivraj N. Mehta, the Dean, for his interest and 
encouragement. 
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THE question of the mode of linkage of the ammonia liberated in the hydrolysis 
of proteins was reviewed by Damodaran [1932] in his paper describing the 
isolation of asparagine from an enzymic digest of edestin. This work provided 
the first direct evidence for the long-standing hypothesis that the ammonia so 
liberated has its origin in the hydrolysis of glutamine and asparagine residues. 
Shortly after this, Damodaran e¢ al. [1932] announced the isolation of glutamine 
from an enzymic digest of gliadin. In the course of digestion and isolation large 
losses occurred which were estimated by the method of Chibnall & Westall 
[1932]; in this way the amount of free glutamine (and, as Melville [1935] has 
shown, of glutaminyl peptides) present at each stage was determined. The 
liberation of ammonia in the enzymic digestion of proteins has since been more 
closely investigated by Damodaran & Ananta-Narayanan [1938] and Damo- 
daran & Narayanan [1938], who have shown that although pepsin and trypsin 
do not appear to hydrolyse amides set free in the course of digestion, partial 
hydrolysis of these is brought about by the acid and alkaline conditions necessary 
for the action of the enzymes. 

There is strong evidence, from the work of Damodaran ef al. [1932] that a 
much higher proportion of the glutamic acid of gliadin is present in the form of 
glutamine residues than the amount isolated by them directly as glutamine; 
the “indirect ’’ method of Chibnall & Westall [1932] showed that at one stage in 
digestion the “‘gluitamine amide-N”’ had risen to 44% of the “total amide-N” 
But since the enzymic method of isolation is known to involve large losses due 
both to the incompleteness of enzymic hydrolysis of the protein and to secondary 
decomposition of glutamine and glutaminyl peptides, with liberation of ammonia, 
it seems that some technique other than the use of enzymic hydrolysis is necessary 
in order to allocate more definitely the ammonia liberated in protein hydrolysis. 

It would be particularly desirable if asparagine and glutamine residues in 
protein could, before hydrolysis, be converted into residues stable to prolonged 
boiling with acid, and of such a character that they could be isolated with ease 
from an acid hydrolysate. 

The treatment which immediately suggests itself is the Hofmann degradation 
of amides by alkali and bromine to the next lower primary amine; in this 
degradation glutamine would become «y-diaminobutyric acid: 


HOOC.CHNH,.CH,.CH,.CONH, -- HOOC.CHNH,.CH,.CH,.NH,, 


and similarly asparagine would become «f-diaminopropionic acid. 

An attempt to degrade free asparagine in this manner, and thus to determine 
the position of its amide group, was made by Van Dam [1897] without success. 
Karrer and associates more recently carried out the reaction on N-acetyl- 
asparagine [1923] and N-acetylglutamine [1926]; in the degradation of the latter 
Karrer obtained a yield of 18%, of /(+)-xy-diaminobutyric acid. Kanewskaja 

( 671 ) 
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[1936] applied the Hofmann degradation to a number of benzamido-acid amides, 
and obtained good yields of the resulting diamines. She stated that where the 
benzamido group was in the f position to the —CONH, group, but not in other 
positions, a glyoxalidone derivative resulted, with elimination of the benzoyl 
residue. This generalizes the discovery of Karrer & Schlosser [1923] that \- 
acetylasparagine on treatment with alkali and bromine gives glyoxalidonecar- 
boxylic acid, which on acid hydrolysis yields ~8-diaminopropionic acid. 

In the present work it was found that, under the conditions used by Kanew- 
skaja, the yield of l(+)-xy-diaminobutyric acid from N-acetylglutamine was 
about 50%. The procedure finally adopted for isolation of the base was to pre- 
cipitate it, after acid hydrolysis, with phosphotungstic acid. (Fischer [1901] 
and Karrer et al. [1926] report respectively that dl- and 1( + )-xy-diaminobutyric 
acids give a precipitate with phosphotungstic acid in the cold.) The phospho- 
tungstic acid precipitate was decomposed with baryta, Ba was removed from 
the resulting solution with excess of H,SO,, and the base, on addition of flavianic 
acid, crystallized out as the sparingly soluble diflavianate. 

In view of the favourable yield of degradation product obtainable from 
N-acetylglutamine, it was decided to apply the procedure to a protein, and 
subsequently to attempt to isolate /(+)-xy-diaminobutyric acid from its acid 
hydrolysate. Wheat gliadin was chosen for its high glutamic acid and low 
aspartic acid content, and its content of ammonia equivalent to the glutamic 
acid present. Gliadin also appeared particularly favourable on account of its 
low content of basic amino-acids [Osborne e¢ al. 1915}. 

It was thought that the phosphotungstic acid precipitate from the acid 
hydrolysate of gliadin which had been treated with alkaline hypobromite could 
be decomposed, and arginine and histidine, if present, removed from the filtrate 
by the silver-baryta precipitation of Kossel, since this procedure was found not 
to precipitate 1(+)-xy-diaminobutyric acid. It was later found that the silver- 
baryta precipitation could be omitted, since it only precipitated a small per- 
centage of the amino-N resulting from the decomposition of the phosphotungstic 
acid precipitate. In the final procedure, 1( + )-xy-diaminobutyric acid was isolated 
directly as the diflavianate after decomposition of the phosphotungstic acid 
precipitate. It was identified with the product from glutamine. 

Under the best conditions found, with correction for the minimum losses 
occurring in the course of isolation, a yield of base was obtained, corresponding to 
14-16-5°% of the glutamic acid resulting from acid hydrolysis of the protein. 
This figure is based on an assumed glutamic acid figure for gliadin of 43% 
| Jones & Wilson, 1928]. The corresponding figure for glutamine isolated by 
Damodaran et al. [1932] is 5-6 % of the glutamic acid. 

The figure given here must represent a lower limit for the percentage of 
glutamic acid present in gliadin as glutamine, but it gives no indication of an 
upper limit, since when N-acetylglutamine was added to the gliadin solution 
immediately before degradation the additional I(+)-xy-diaminobutyric acid 
recovered corresponded to a yield of only 10-38 °% from the added N-acetyl- 
glutamine. Skraup [1907] reported that treatment of casein with alkaline 
hypobromite in the cold greatly diminished the amount of amino-acids obtain- 
able on hydrolysis, giving rise, among other products, to fatty acids and alde- 
hydes. He found the yield of lysine and, surprisingly, histidine to be un- 
diminished, although arginine was completely destroyed. He was unable to 
isolate glutamic acid from the hydrolysate, using the technique of direct pre- 
cipitation as the hydrochloride. The present work suggests that most of the 
arginine and histidine present in the gliadin are destroyed by treatment with 


‘ 
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hypobromite at 80°. Goldschmidt and associates [1925-33] have studied the 
action of cold hypobromite on amino-acids, peptides and proteins, and have 
suggested a mechanism to explain how tri- and tetra-peptides give rise to 
nitriles, keto-acids and amino-acids. At the higher temperature employed 
the present work considerable destruction of amino-acids certainly resulted. The 
number of possible side-reactions under these conditions is so large that the low 
yield of diaminobutyric acid from N-acetylglutamine when degraded in the 
presence of protein is not surprising. 

In view of this, no estimate can be made of the yield from the glutamine 
residues of the protein on degradation, but since acetylglutamine alone gives a 

vield of about 50%, the yield from these is probably less. 

An attempt to increase the yield of diaminobutyric acid by using a pe ptic 
digest of gliadin which had been ace tylated with a view to stabilizing free amino- 
groups against attack by alkaline hypobromite was unsuccessful; the yield of 
base isolated after acid hydrolysis was about the same as that from the original 
protein. 

Thus while the work described here provides a new and fairly direct demon- 
stration of the presence of glutamine residues in gliadin, it only suggests a 
minimum figure for the amount of these groups present, and gives no indication 
of how the greater part of the ammonia set free in protein hydrolysis is bound, 
or of the mode of linkage of the glutamine residues. 


EXPERIMENTAL 
N-Acetylglutamine 


Glutamine, prepared from sugar-beet pulp, was acetylated with NaOH 
and acetyl chloride in ether [Karrer et al. 1926]. It was subsequently found more 
convenient to use NaOH and acetic anhydride, according to the procedure of 
du Vigneaud & Meyer [1932] for acetylation of amino-acids. After acetylation, 
H,SO, equivalent to the NaOH used was added, and the mixture was evaporated 
to dryness in vacuo Extraction with alcohol and crystallization of the product 
followed the directions of Karrer. Yield 1-45 g. (by either method) from 3 g. 
of glutamine. The product melted at and had [«]; —12-25° (water, /=2, 
ce=2-5). Karrer gives M.P. 199°; [a]? —12-5° (water, 1=1, c=1-8). 


Hofmann degradation of N-acetylglutamine 


It was found that the use of KOH was inconvenient, since potassium forms 
a sparingly soluble phosphotungstate, and is thus precipitated with the di- 
aminobutyric acid. This difficulty was overcome by using NaOH throughout. 
Otherwise the conditions given by Kanewskaja [1936] were observed. 

Bromine (0-85 g.) was dissolved slowly in a solution of NaOH (0-95 g.) in 
water (13-3 ml.) at —5°. N-ace ‘tylglutamine (1 g.) was dissolved in this, and the 
mixture immediately he ated to 80°. After 3-5 min. no iodine was liberated on 
treating a drop of the mixture with acidified KI solution. The mixture was then 
treated with 25 ml. 6N H,SO,, and refluxed until the amino-N (Van Slyke) 
had reached a constant value (4 hr.). The mixture was then cooled, and diluted 
to 120 ml. A solution of 20 g. of phosphotungstic acid (B.D.H.) in 60 ml. water 
was stirred in, and the mixture was kept for 2 hr. at 0° with occasional stirring. 
The precipitate was filtered off, and decomposed in the usual way with hot 
aqueous baryta. The filtrate from the decomposition was distilled in vacuo for 
a few minutes to remove ammonia, and amino-N was determined on an aliquot; 
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55 % of the original N-acetylglutamine-N was present in the solution as amino-N. 
The solution was then made acid to thymol blue with H,SO,, filtered through 
kieselguhr, and the filtrate was concentrated in vacuo to a thin syrup, which 
was treated with a strong solution of flavianic acid. After some hours at 0 
the resulting yellow needles were filtered off, and washed with water. Yield 
1-95 g. (50%) 1(+)-xy-diaminobutyric acid diflavianate. The product could 
re adily be recrystallized from hot water. M.P. (decomp.) 239°. (Found: C, 38-0; 
H, 3-15; N (Dumas), 11-19; S, 8-26%. (C,H,,O,N..(C,>H,O,;N.S). requires 
C, 38-6; H, 2-95; N, 11-26; 8, 8-57%. Found: NH,-N (Van Slyke, 30 min. 
shaking), 3-73; cale. 3-75 %.) 

The compound yielded 96 °% of its amino-N in the Van Slyke apparatus in 
6 min. at 18°, and 100% in 30 min. It had a solubility at 19° of 8-4 mg./ml. in 
water, 6-2 mg./ml. in 5% flavianic acid, and 5-9 mg. ml. in V/10 H.SO,. For 
comparison W vith the solubilities and properties of the | flavianates of other cngende 
bases, including ornithine and lysine, cf. Kossel & Gross [1924]. 

It was found unnecessary in preparing diaminobutyric acid from glutamine 
to work up the intermediate N -acetylglutamine. In the procedure finally 
adopted the mixture from the acetylation of glutamine with acetic anhydride 
and NaOH was treated directly with alkaline hypobromite, and the resulting 
diaminobutyric acid isolated as the diflavianate in the manner described above. 
Overall yield 40-50 %. 

Salts of \(+)-xy-diaminobutyric acid with oxalic acid. Karrer et al. [1926] 
characterized /( + )-xy-diaminobutyric acid by means of a salt with oxalic acid, 
which they described as melting with decomposition at 205° and having the 
composition of 1 mol. base: 0-5 mol. oxalic acid, without water of crystallization. 
Fischer [1901] characterized the oxalate of dl-xy-diaminobutyric acid as decom- 
posing at 219° and having the composition 1 mol. base: 0-5 mol. oxalic acid: 
1 mol. water. 

In the present work it was found impossible to obtain a salt agreeing in 
properties with that described by Karrer. In all, three different oxalates were 
obtained ; the salt which resulted depended on the amount of oxalic acid added 
to the solution of the base. The following salts were prepared and characterized : 


Mol. 
diaminobutyric 
Compound acid Mol. oxalic Mol. water 
A 1 0-5 1-5 
B 1 1 0 
Cc 1 1-5 0 


Of these C is the least soluble in cold water and the most convenient to 
prepare, as an excess of oxalic acid may be added without fear of contamination 
of the product by higher salts. 

The diflavianate was dissolved in hot water, and treated with excess baryta 
(alkaline to thymolphthalein). The precipitate of barium flavianate was filtered 
off, and washed thoroughly with N/3 Ba(OH),. The pale yellow filtrate was 
acidified to thymol blue with H,SO,, stirred with a little charcoal and filtered. 
Sulphate was removed exactly from the colourless filtrate with baryta, and an 
amino-N determination on the filtrate from BaSO, showed that 85° of the 
original diaminobutyric acid was present in the solution. 0-5 mol. of oxalic 
acid per mol. of diaminobutyric acid was then added, and the mixture was 
concentrated until crystallization occurred. This gave crystals of oxalate A, 
decomp. 211°. If the diaminobutyric acid was crystallized with 1 mol. of oxalic 
acid, oxalate B was obtained, decomp. 206°. Compound C could be prepared by 
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crystallizing from water in the presence of an excess of oxalic acid. Decomp. 
177°. 

On one occasion, in an attempt to prepare oxalate B, rather more than 1 mol. 
of oxalic acid was added, and the resulting crystalline product decomposed at 
195°. On recrystallization the decomposition point fell to 187°, at which value 
it remained constant on further recrystallization. This product contained on 
analysis 1 mol. diaminobutyric acid to 1-25 mol. oxalic acid, but appeared on 
casual examination with a polarizing microscope to consist of two types of 
crystal. Debye-Scherrer X-ray powder photographs of this product, and of 
compounds A, B and C were kindly taken by Mr H. Lipson of the Cavendish 
Laboratory, Cambridge. Cobalt Ka radiation was used, and examination of the 
photographs showed that compounds A, B and C gave individually characteristic 
series of lines, while the product in question gave the patterns of B and C 
superimposed, and must therefore be regarded as a mechanical mixture of these. 

Compounds A, B and C could each be recrystallized from water without 
change in properties. Mixtures of A with B and of B with C had decomposition 
points intermediate between those of the two components, and less sharply 
defined. 

Table I shows the properties and analyses of the three compounds, and of 
the oxalate described by Karrer. 


Table I. Oxalates of \( +)-xy-diaminobutyric acid 


O/ 


/O 
C% H% N% Van 
Com- Decomp. ~ ~~, —_———, Kjeldahl Slyke N% 
pound C. [a]p (water) Found Cale. Found Cale. found found  cale. 
A 211 +5-7°) as sai a ad 14-8 148 14-75 
ee, e=§9 = oes = — lain, coe 
A 211 — 36-7 36°8 7-07 6-74 16-8 — 17-2 
(anhydr.) (Dumas) 
B 206 — 35°3 34-6 5-92 5:77 13-2 13-9 13-48 
pi ns a aos 13-7 ~ ite 
C 177 we 32-7 33°2 5:30 5-14 10-8 11-3 11-1 
Karrer’s 205 3=-+- 73°) |. 1-2 37-0 == 6-50 — 17-04 -— — 
oxalate 78°) (e=1'3) (Dumas) 


Compound A on drying over phosphoric oxide at 100° in vacuo lost 13-35% of its weight. 
Cale. for 1-5 H,O per mol. of base: 14-2%. 

Compounds B and C (air-dry) lost no weight under the same conditions. Karrer et al. [1926] 
reported their oxalate as anhydrous. 


Isolation of diaminobutyric acid from gliadin after hypobromite treatment 


Gliadin was prepared from wheat gluten (B.D.H.) by the method of Nolan & 
Vickery [1937]. The air-dry material contained 7-5°% of moisture, and had N 
16-2 % (Kjeldahl)—corresponding to N 17-5 % in the dry protein. 

The method of carrying out the degradation of the protein, and isolation of 
the resulting base described here is that finally adopted as a routine procedure. 
The effect of varying some of the conditions is described below. 

In a typical experiment 1-5 g. of air-dry gliadin were shaken for 2 hr. with 
40 ml. N NaOH at room temperature. By this time all solid matter had dis- 
solved. The solution was cooled to —5°, and a hypobromite solution, prepared 
as above from 80 ml. water, 5-6 g. of NaOH and 5 g. of bromine was added. The 
mixture was then heated rapidly to 80°. After 3 min. practically all the bromine 
had disappeared (acid KI test), and the almost colourless solution was acidified 
with 220 ml. HCl (sp. gr. 1-16) and refluxed for 20-24 hr. At the end of this time 
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the solution was evaporated in vacuo until a large quantity of salt had separated. 

This was filtered off, washed with strong HCl, and the combined filtrate and } 
washings were further concentrated to dryness. The residue was dissolved in 
70 ml. water, 4 ml. H,SO, were added, and a solution of 11 g. of phosphotungstic 
acid in 35 ml. water was stirred in. The rest of the isolation was carried out 
in the manner already described. The amino-N present in the solution from the 
decomposition of the phosphotungstic acid precipitate after removal of ammonia 
was 8:5 °% of the total N of the protein used, whereas the corresponding figure 
for a hydrolysate of untreated gliadin was 45%. On acidifying the solution 
with H,SO,, filtering off BaSO,, and carrying out a silver-baryta precipitation 
| Kossel, 1928], 60 °%, of the amino-N from the phosphotungstic acid precipitate 
derived from untreated gliadin was found to be precipitated, whereas the same 
procedure, using the treated gliadin, precipitated only 15% of the amino-N. 
An experiment with a solution of diaminobutyric acid oxalate showed that 
none of the base was precipitated by the silver-baryta procedure. 

It was found that the silver-baryta precipitation could be satisfactorily 
omitted, and the diaminobutyric acid isolated by treatment with excess of 
flavianic acid in the presence of free H,SO, at a volume of 20 ml. After 12 hr. 
at 0° crystallization was complete; the product on drying decomposed at 237 
Yield 250-320 mg. On recrystallization, the decomposition point was 239°, 
not depressed on admixture with the diflavianate — from glutamine. 
(Found: C, 38-2; H, 3-38; N, 11-3; Fs 8-39; amino-N (4 hr. — Slyke) 3-70 % 

Cale. for C H,,Ne O,.(C,>HgN2O,S).: C, 38-6; H, 2-95; N, 11-3; 8S, 8-57; amino-N, 
3-7 7d o “5, 

A ‘Tough estimate of the effect on the yield of varying the conditions of 
degradation was obtained from the amino- N figure of the solution from the 
decomposition of the phosphotungstic acid precipitate after removal of ammonia. 

Table II summarizes the results. 


Table IT 


Vol. hypobromite 


Temp. of Time of solution added ) 
treatment heating (% of amount Amino-N (as % of 
OG: min. used above) original total N) 

80 5 20 4-7 

80 5 65 7-0 

80 3 100 8-5 

80 5 130 6-0 

80 5 160 4-8 

80 5 200 4-0 \ 

65 12 160 4-5 ( 

50 12 160 5-0 


The yield from the degradation carried out under optimum conditions as 
already described, using 1-5 g. of air-dry gliadin, was corrected for losses in 
isolation of the base, as follows: /(+)-xy-diaminobutyric acid oxalate corre- 
sponding to 593 mg. of the diflavianate was dissolved with 6-5 g. of NaBr and 
6g. of NaCl in 350 ml. 20°, HCl, and refluxed for 24 hr. The isolation of the 
base was then carried out exactly as described above, 416 mg. of diflavianate 
being obtained. Thus the loss in isolation corresponds to about 180 mg. of 
diflavianate. Applying this correction, the diaminobutyric acid (expressed as 
free base) is found to be 68-79 mg. from 1-5 g. of air-dry gliadin. (1-39 g. of dry 
protein.) Expressed as glutamic acid, this is equivalent to 6-1—-7-1°% of the dry 
protein, or, employing the figure of Jones & Wilson [1928] for the glutamic acid 
content of gliadin as 43%, 14-16-5 % of the glutamic acid residues present. 
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Isolation of diaminobutyric acid from an acetylated peptic digest 


IS 


The same procedure was carried out on an acetylated peptic digest. 1-5 g. 
of air-dry gliadin were suspended in 54 ml. V/20 HCl, and a solution of 80 mg. 
of a commercial peptic preparation (“‘Glanoid”’) in 8 ml. N/20 HCl was added, 
with toluene as antiseptic. The solution had become homogeneous after 2 hr. 
incubation at 37°. Incubation was continued for 5 days, after which the digest 
was neutralized with NaOH to phenol red and concentrated in vacuo to about 
10 ml. It was acetylated with acetic anhydride and NaOH at 0°, using in all 
1-7 ml. of acetic anhydride and 20 ml. of 2N NaOH. The resulting mixture was 
then treated with alkaline hypobromite, and after acid hydrolysis the isolation 
was carried out exactly as described above. Yield of diflavianate was 270 mg., 
i.c. much the same as that obtained from direct hypobromite treatment of the 
protein. 

When peptic digestion was followed by tryptic digestion and acetylation, 
the yield of diflavianate on degradation of the resulting mixture was about 50% 
of that obtained above. 


Recovery of added N-acetylglutamine 


When 0-10 g. of N-acetylglutamine was added to the alkaline solution of 
1-5 g. of air-dry ‘gliadin immediately before treatment with hypobromite, 470 mg. 
of diflav ianate were isolated. This is 150 mg. in excess of the best yield obtained 
from the same amount of protein by itself, and represents a yie ‘Id of 38 % from 
the added N-acetylglutamine. In another experiment only 10%, recove ry was 
obtained. When it is considered that the yield from added N-acetylglutamine 
is not subject to correction for loss in the course of isolation, it compares 
unfavourably with the yield obtained by the direct degradation of N-acetyl- 
glutamine. 

C, H, S and N-Dumas determinations were carried out by Dr A. Schoeller, 
Berlin-Schmargendorf, and Dr G. Weiler, Oxford. 


SUMMARY 


1. N-Acetylglutamine was subjected to the Hofmann degradation with 
alkaline hypobromite ; a 50 % yield of l( + )-xy-diaminobutyric acid was obtained. 

2. A method for the isolation of this base by successive precipitation with 
phosphotungstic and flavianic acids has been developed. 

3. The salts of the base with flavianic and oxalic acids have been char- 
acterized. 

4. After treatment of wheat gliadin with alkaline hypobromite, followed 
by acid hydrolysis, /(+)-xy-diaminobutyric acid was isolated. The best yields, 
corrected for minimum losses in isolation, were equivalent to 14-16-5% of the 
glutamic acid residues of the protein. 

5. It is argued that at least this proportion of the glutamic acid of gliadin 
exists in the intact protein as glutamine residues. 


I am grateful to Mr N. W. Pirie for much helpful advice, and to the Inter- 
national Wool Secretariat, who have maintained me with a Studentship. 











R. L. M. SYNGE 


REFERENCES 


Chibnall & Westall (1932). Biochem. J. 26, 122. 
Van Dam (1897). Rec. Trav. chim. Pays-Bas, 16, 26. 
Damodaran (1932). Biochem. J. 26, 235. 
—— & Ananta-Narayanan (1938). Biochem. J. 32, 1877. 
- Jaaback & Chibnall (1932). Biochem. J. 26, 1704. 
& Narayanan (1938). Biochem. J. 32, 2105. 
Fischer (1901). Ber. dtsch. chem. Ges. 34, 2900. 
Goldschmidt (1927, 1). Hoppe-Seyl. Z. 165, 149. 
—— (1927, 2). Hoppe-Seyl. Z. 170, 183. 
- Martin & Heidinger (1933). Liebigs Ann. 505, 255. 
& Steigerwald (1925). Ber. dtsch. chem. Ges. 58, 1346. 
- & Strauss (1929). Liebigs Ann. 471, 1. 
- (1930, 1). Ber. dtsch. chem. Ges. 63, 1218. 
- (1930, 2). Liebigs Ann. 480, 263. 
Wiberg, Nagel & Martin (1927). Liebigs Ann. 456, 1. 
-—— Wolff, Engel & Gerisch (1930). Hoppe-Seyl. Z. 189, 193. 
Jones & Wilson (1928). Cereal Chem. 5, 473. 
Kanewskaja (1936). Ber. dtsch. chem. Ges. 69, 266. 
Karrer, Escher & Widmer (1926). Helv. chim. Acta, 9, 301. 
—— & Schlosser (1923). Helv. chim. Acta, 6, 411. 
Kossel (1928). The protamines and histones, p. 6. London. 
& Gross (1924). Hoppe-Seyl. Z. 135, 167. 
Melville (1935). Biochem. J. 29, 179. 
Nolan & Vickery (1937). Proc. Soc. exp. Biol., N.Y., 35, 449. 
Osborne, Van Slyke, Leavenworth & Vinograd (1915). J. biol. Chem. 22, 259. 
Skraup (1907). MWh. Chem. 28, 605. 
du Vigneaud & Meyer (1932). J. biol. Chem. 98, 295. 








LXXXV. THE AMINO-ACID COMPOSITION 
OF RABBIT MYOSIN 


By JAMES GARDEN SHARP 


From the Low Temperature Research Station, Cambridge 
(Received 21 March 1939) 


THE studies of Weber [1933] and others have proved that the intracellular pro- 
tein of muscle consists of at least three distinct fractions, the globulin myosin, 
the albumin myogen and globulin X. To these must be added the myoalbumin 
fraction recently isolated by Smith [1937], although this fraction has not yet 
been obtained in its native state. According to Smith, the distribution of the 
intracellular protein of rabbit’s muscle is: 67-5 %% myosin, 9 % myogen, 22-5 °%, 
globulin X and 1 % myoalbumin. 

Of these fractions myosin has been studied more thoroughly than the others. 
It is characterized by an isoelectric point at pH 5-5, has typical globulin solu- 
bilities and in presence of salts is extremely susceptible to denaturation. It is 
distinguished from the other muscle proteins by exhibiting double refraction of 
flow, a property associated with the presence of long rod-shaped anisotropic 
particles, and on this account can be certainly identified with the anisotropic 
substance of the muscle fibril. 

Bailey [1937] has summarized the few available data on the chemical 
constitution of this protein and has made a comparative study of myosins from 
various sources with regard to their contents of nitrogen, amide-nitrogen, sul- 
phur, methionine, cystine, tyrosine and tryptophan. His results indicate the 
existence of a fundamental amino-acid plan for the elaboration of myosin in the 
skeletal muscle of mammals, birds and fish. 

In the present analysis the original scheme consisted of three stages: 

(1) The separation of the monoamino-acids from the dicarboxylic acids and 
the bases by butyl alcohol extraction. 

(2) The isolation of the dicarboxylic acids and the bases in the unextracted 
aqueous solution. 

(3) The determination of the monoamino-acids by fractional distillation of the 
esters and subsequent identification of the ester fractions. 

This plan had to be revised ‘when it was found that portions of both the bases 
and dicarboxylic acids were extracted by the butyl alcohol and since these two 
groups of amino-acids are the more important from the viewpoint of structure 
they were determined without previous extraction of the hydrolysates with 
butyl alcohol. 

By incorporation of Bailey’s [1937] values, 76 °% of the N of the protein has 
been identified, as shown in Table I, while evidence has been obtained suggesting 
that the remaining 24 % is largely associated with the monoamino-acid group. 

The relations between the chemical constitution and the physical properties 
of myosin will be discussed fully in a separate communication and will only be 
mentioned briefly here. Astbury & Dickinson [1935] have shown that in the 
denatured state myosin exhibits the «8 transformation, permanent set and 
supercontraction, phenomena which are associated with the keratin group of 
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Table I. Amino-acid analysis of rabbit myosin 


N% Wt. % 
Amino-acid protein-N protein 

Glycine 2-1 1-9 
Alanine 35 3:7 
Valine 2-2 3-0 
Leucines 7-1 11-1 
Proline 0-4 0-5 
Phenylalanine 2-0 4-0 
Threonine 0-9 1-2 
*Methionine 1-9 3-4 
*Cystine 0-56 0-77 
*Tyrosine 1-6 a4 
*Tryptophan 0-66 0-82 
Arginine 13-4 7 
Histidine 2°8 1-7 
Lysine 11-3 9-9 
Glutamic acid 12-5 22-1 
Aspartic acid 5-6 8-9 
Ammonia 79 1-6 

Total accounted for 76° 85-0 


* From Bailey [1937]. 


proteins. In fibre form, therefore, myosin has the same fundamental folded 
chain structure which is characteristic of the keratins. It seems that myosin in 
living muscle is in the form of highly organized systems of peptide chains capable 
of shortening when appropriately stimulated and mainly determining the optical 
and elastic properties of the tissue. The changes associated with activity must be 
closely related to the specific chemical configuration of the constituent mole- 
cules. 

Myosin is found to contain relatively high proportions of glutamic and 
aspartic acids, lysine and leucine. The dicarboxylic acids, together with the bases, 
arginine, histidine and lysine, in constituting half the protein molecule, provide a 
large number of polar side-chains. The cystine plus cysteine content is low, being 
only 0-77-0-79 % of the protein [| Bailey, 1937] and of this 0-67 % is cysteine 
[| Mirsky, 1936]. The presence of a large number of polar side-chains, together with 
a large number of long non-polar side-chains and an unusually small number of 
rigid disulphide links, would constitute, according to present theories of protein 
structure, a relatively open system of polypeptide chains with many centres for 
the free co-ordination of water molecules. 

Of the intracellular proteins myosin has by far the greatest power of hydra- 
tion, since it possesses an affinity for water of the same order as gelatin. The 
usual preparation of the native protein precipitated by dilution from salt solution 
at pH 6-8 centrifuges to a jelly-like mass with a water content of 98-99 %. It 
can, indeed, form a gel with a protein content of only 0-2 % by weight [von 
Muralt & Edsall, 1930], while a salt-free preparation after drying in a chilled 
desiccator for a week still contains 1 g. H,O/g. protein | Mirsky, 1937]. Amongst 
the fibrous proteins its hydration is exceeded only by the mucins, which contain 
upwards of 30 °% of polysaccharide. 

The chemical constitution, therefore, fully supports the theories of the rela- 
tionship between structure and hydration which have been developed by Jordan 
Lloyd & Phillips [1933]. Furthermore, if an attempt be made to depict the 
process of muscular contraction as being due to the action of certain products of 
metabolism on specific groupings present in the peptide chains, it is clear that an 
open structure, such as that which can be postulated from the chemical data, will 
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favour the rapid diffusion of these substances and their secondary products into 
and away from the sites of action. Such ideas emphasize the importance of the 
present work in the interpretation of muscular contraction. 


EXPERIMENTAL 


Preparation of myosin. The protein was prepared by extraction of rabbit’s 
muscle with buffered KCl solution and dilution of the filtered solution with 
20 vol. distilled water [Edsall, 1930]. This material was redissolved in salt 
solution and reprecipitated by dilution to give a product free from traces of the 
other protein fractions of muscle. The various preparations were thoroughly 
washed with distilled water and finally brought to the state of a fine flour by 
treatment with alcohol and ether. On drying in vacuo they contained 0-3-0-8 % 
of ash and 2-3 % of moisture. The ash-free N content was 16-8 %. 


Determination of the basic amino-acids 


Block’s [1934] procedure was followed in detail, using 2-3 g. of protein for 
each analysis. The values given in Table II are the mean of closely agreeing 
duplicates and are calculated from the weights of the isolated crystalline 
derivatives, namely, arginine flavianate, histidine diflavianate and lysine picrate. 
The experimental values are corrected for the solubilities of arginine silver and 
lysine phosphotungstate and also for the small overall losses suggested by 
Tristram (unpublished data). 


Table Il. Basic amino-acids of rabbit myosin and myogen 


Myosin Myogen 
Experimental Corrected* ixperimental Corrected* 
Nn - ‘ — \ - _ _. = a - ° -—, 
Wt. % N % : Wt. % N % : Wt. % N Me Wt. % N % ; 
Amino-acid protein protein-N protein protein-N protein protein-N protein protein-N 
Histidine 1-69 2-70 1-74 2-80 2-90 4-67 2-95 4-75 
Arginine 6-7 12-7 7-0 13-4 6-0 11-4 6-3 12°] 
Lysine 9-5 10-9 9-9 11-3 7:8 8-9 8-0 9-2 
Total bases 17-9 26°3 18-6 27°5 16-7 25-0 17-3 26-1 


* See text. 


The lysine picrate after recrystallization exploded at 265-266° and_ the 
arginine flavianate decomposed at 258-260°. The histidine diflavianate, when 
first separated, gave a low decomposition point and a high sulphur value. The 
recrystallized product gave a satisfactory decomposition point at 246° but the 
sulphur content was still high owing to the presence of free flavianic acid. 
(Found 8-46 % S. Theory 8-17 % 8.) The small amount of material available 
prohibited further purification of the salt. 

Rabbit muscle myogen, kindly provided by Dr E. C. Bate Smith, has also 
been analysed (Table IT). The distributions of bases in the two proteins are very 
different, the calculated molecular ratios of histidine, arginine and lysine being 
2:7: 12 and 2: 4:6 in myosin and myogen respectively. 

Precipitation of the basic N under the Hausmann conditions gave values of 
29-4 and 29-1°% of the total N of myosin and myogen respectively. These values 
are as usual 2-3%, higher than those obtained by calculation from the amounts 
of isolated bases. 


» 
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Separation of the monoamino-acids by extraction with butyl alcohol 


Two samples of myosin, weighing 72 g. and 114 g. respectively, were hydro- 
lysed with 10 times their weight of 6N HCl for 30 hr. Aliquots were then with- 


drawn for analysis (Table III). In each case the ammonia-N was 7-9 % and the 


Table III. Analysis of myosin hydrolysates 


Wt. of 
protein Total N Amino-N Amide-N 
Hydrolysate g : g. g. g. 
] 72 12:1 0-96 
2 114 19:1 1-51 
Total 186 31-2 2-47 





amino-N (after removal of ammonia) was 81 % of the total N respectively. 
Bailey’s [1937] value for the amide-N (7-2 %) obtained after hydrolysis with 
2N HCl for only 3 hr. is a truer estimate of the N originally bound in amide 
form, since in the present case the action of the relatively strong acid and longer 
period of hydrolysis has undoubtedly brought about a small amount of deamina- 
tion. : 

Zach hydrolysate was then freed from the greater part of the excess HCl by 
repeated alternate concentration im vacuo and dilution, the remaining HCl 
being removed with Ag,O and H,SQO, in the usual way. The H,SO, was then 
removed as BaSO, and in each case the filtrates and washings were collected, 
concentrated in vacuo to incipient crystallization, kept at 0° for 12 hr. and the 
separated material filtered off (Table IV: fractions 1-1 and 2-1). Additional 


Table IV. Crystalline fractions removed before butyl alcohol extraction 


Wt. Total N 
Hydrolysate Fraction g. g. N% 
1 1-] 1-41 0-11 7-8 
1-2 2-50 0-25 10-0 
1-3 5°67 0-63 11+] 
2 2-] 2-26 0-17 7:5 
2-2 12-7 1-30 10-2 


crops of crystalline material were obtained on further concentration of the 
filtrates (Table IV: fractions 1-2; 1-3; 2-2). All these fractions consisted in 
very large part of tyrosine and leucine. 

The remainder of hydrolysate 1 and one half of that of hydrolysate 2 (re- 
ferred to henceforth as 2A) were separately extracted im vacuo with aqueous 
saturated butyl alcohol in a continuous extraction apparatus similar to that used 
by Dakin [1920], whose procedure in the separation and drying of the extracted 
monoamino-acids was followed throughout. The longer period of extraction 
required in the case of hydrolysate 2A was due to the lowering of the bath 
temperature from 40—45° (employed with hydrolysate 1) to 35-40°. 

In each case the butyl alcohol mother liquors were concentrated to a small 
volume im vacuo and the material which separated at 0° was centrifuged off 
before further concentration to remove all solvent and final solution of the 
residual syrup in water. Traces of brown tar which remained insoluble in water 
were found to contain only negligible amounts of N. Moreover, the relatively 
larger amount of N which remained in the butyl alcohol mother liquors of 2A 
was due to the difficulty of separating the sticky insoluble material which was 
obtained in the later period of the prolonged extraction. 





{ 
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The summarized results of the butyl alcohol extractions are given in Table V. 
The loss of total N was due to the escape of ammonia. Considered from the point 
of view of effectiveness of the method, the figures show that under the different 
conditions employed the separations were very similar in each case, and as will 


Table V. Fractionation obtained by butyl alcohol extraction 


Total N 


— EF 


As % of total Amino-N 
g. protein-N g. 


Hydrolysate 1. Period of extraction 156 hr. 


Butyl alcohol extract 


(la) Solid amino-acids (22-6 g.) 2-72 22-5 2-53 
(1b) Soluble in water 1-04 8-6 0-76 
Insoluble in water 0-02 _— — 
(1c) Unextracted aqueous residue 6-33 52-0 4-79 
Losses (by difference) 0-49 4-] 0-08 
Total 10-60 8-16 
Hydrolysate 2A. Period of extraction 247 hr. 

Buty] alcohol extract 
(2. Aa) Solid amino-acids (15-0 g.) 1-72 18-0 1-68 
(2Ab) Soluble in water 1-66 17-4 1-41 
Insoluble in water 0-003 — — 
(2Ac) Unextracted aqueous residue 5-07 53-0 3-69 
Losses (by difference) 0-35 3-7 0-12 
Total 8-80 6-90 


be shown later in Table VI, the unextracted residues contained almost identical 
proportions of dicarboxylic acids, N precipitable by phosphotungstic acid and 
residual amino-N. The latter, which represents 10 % of the total unextracted N, 
must be ascribed to monoamino-acids, the extraction of which was therefore in- 
complete. The total N precipitable by phosphotungstic acid was lower by 3 % 
than the Hausmann value on the initial hydrolysate, which indicates that part of 
the basic N may have been extracted by the butyl alcohol. Moreover, as is 
shown in a later section, dicarboxylic acids were undoubtedly extracted by the 
butyl alcohol under the conditions of these experiments. The studies of egg 
albumin by Calvery [1932] and of cocksfoot protein by Miller (private communi- 
cation) have revealed similar partial extractions of both these groups of com- 
pounds by butyl alcohol, and in view of the efficient fractionation obtained with 
hydrolysates of casein, gelatin and zein by Dakin [1918; 1920; 1923], it appears 
that the success of the method depends on the acid-base relationships in the 
hydrolysate as prepared for éxtraction. 


Isolation of the dicarboxylic acids after extraction of the 
monoamino-acids with butyl alcohol 


Fractions 1¢ and 2 Ac were of similar composition for they contained 52 and 
53 % of the total protein-N of which 76 and 73 % were amino-N respectively. 
Each solution was made alkaline to phenolphthalein with baryta, concentrated 
in vacuo to remove ammonia and Ba removed completely with H,SO,. The 
clarified solutions were then concentrated to a small volume in vacuo, saturated 
at 0° with HCl and two crops of glutamic acid hydrochloride removed in each 
case. At this stage opportunity was taken to compare the efficiencies of the two 
routine procedures for the separation of the dicarboxylic acids by precipitation 
of the Ca salts [Foreman, 1914] and of the Ba salts [Dakin, 1920] with alcohol. 
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The mother liquors from the separation of glutamic acid hydrochloride were 
freed as far as possible from HCl by concentration in vacuo, the residual syrups 
dissolved in water and saturated with either Ba(OH), or Ca(OH), at a concentra- 
tion of 2-5-3-0 g. N in 100 ml. aqueous solution; 9 vol. 95 % ethyl alcohol were 
then added slowly with rapid stirring and after 15-18 hr. at room temperature 
the insoluble salts were separated and washed with alcohol. The salts were re- 
dissolved in water and freed from Ba or Ca as sulphate or oxalate respectively. 
The filtrates and washings in each case were collected, concentrated and the 
copper salts formed by addition of Cu(OH), at 100°. The hot solutions were 
filtered and on standing overnight at 0° the filtrates yielded large crops of copper 
aspartate. These were filtered off and Cu removed from the filtrates as sulphide. 
The solutions at this stage contained a large proportion of non-amino-N as 
shown by the following analyses: 1c, 2-19 g. N, 1-8 g. amino-N; 2 Ac, 0-82 g. N, 
0-72 g. amino-N. Basic N was obviously present and it was removed by precipi- 
tation with phosphotungstic acid in HCl solution under the usual conditions 
| Van Slyke, 1911]. The filtrates from the insoluble phosphotungstate precipitates 
were freed from phosphotungstic acid in the usual way and resaturated with 
gaseous HCl to give a further crop of glutamic acid hydrochloride. Following 
this, from 2Ac in which lime had been employed as initial precipitant, two 
additional crops of copper aspartate and a final crop of glutamic acid hydro- 
chloride were separated. The remaining unidentified residue contained only 
0-16 g. N. Fraction lc, however, in which baryta had initially been employed, 
contained at this stage such a high proportion of monoamino-acids that, in view 
of the relatively clean separation obtained from fraction 2 Ac, it was decided to 
reprecipitate the residual dicarboxylic acids as their Ca salts. Following this 
further crops of glutamic acid hydrochloride and copper aspartate were isolated, 
leaving a final unidentified residue containing 0-19 g. N. 

The analyses of fractions 1¢ and 2 Ac at this stage are summarized in Table 
VI and the final distribution of the N in the salts insoluble in alcohol is given in 


Table VI. Analysis of fractions 1c and 2 Ac and hydrolysate 2B 





le 
(Using baryta 2 Ac 2B 
and lime) (Using lime) (Using lime) 

lam aaa —_ - - aniP —_ siiemiasindas denial — —_ 

Nas % Nas% Nas % 
Total N of Total N of Total N of 

Fraction g. protein-N g. protein-N g. protein-N 
Glutamic acid hydrochloride 1-1 9-1 0-87 9-1 1-19 12-5 
Copper aspartate 0-51 4-2 0-41 4-3 0-53 56 
Precipitated by phospho- 3:15 26-0 2-44 25-6 3-01 31-6 

tungstic acid 

Residual amino-N 0-71 5-9 0-49 5:14 2-91 30-4 
Ammonia 0-47 3-9 0-41 4:3 0-76 7-9 
Losses on precipitates, etc. 0-39 3:2 0-45 4-7 0-40 4-2 
Total 6°33 52-3 5-07 53°14 8-80 92-2 


Table VII. Although equivalent amounts of the dicarboxylic acids were eventu- 
ally isolated from the two fractions, the greater selectivity of Ca is apparent, for 
both fractions, after removal of approximately 80 °% of the total glutamic acid 
present before Ca or Ba salt precipitation, were of similar composition and the 
data show clearly the larger proportions of basic N and of N apparently belong- 
ing to monoamino-acids which are precipitated as Ba salts. 
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Table VII. Comparison of the N precipitated as Ba and Ca 
salts by means of alcohol 


(Values are % total protein-N) 


2B 
(Using lime) 
le 2 Ac ——— as 
(Using baryta) (Using lime) Ist ppt. 2nd ppt. 
Total N in salts insoluble in 21-1 12-0 26-2 21-0 
alcohol 
Containing: 
Total isolated dicarboxylic 63 5-9 18-0 18-0 
acid N 
N in insoluble phosphotung- 10-1 4-4 3-0 0-0 
state 
Residual amino-N 4-1 1-7 5-2 3-0 


Isolation of the dicarboxylic acids without previous extraction 
of the monoamino-acids with butyl alcohol 


The remaining aliquot of the second hydrolysate, referred to henceforth 

2B, contained 8-8 g. N, 69g. amino-N and 0-76 g. ammonia-N. Excess 
Ca(OH), was added, free ammonia removed by concentration in vacuo and the 
insoluble Ca salts precipitated by addition of 9 vol. 95 °% ethyl alcohol at a con- 
centration of 2-0 g. N in 100 ml. aqueous sclution. The mixture was kept for 
15-18 hr. at room temperature, the precipitate filtered off, redissolved in water 
and reprecipitated at a concentration of 5-0 g. N in 100 ml. aqueous solution. 
The reprecipitated salts contained no non-amino-N and were found later to give 
no precipitate with phosphotungstic acid. Four crops of glutamic acid hydro- 
chloride and two crops of copper aspartate were subsequently obtained by the 
usual procedure. The final residue, which appeared to be free from dicarboxylic 
acids, contained 0-28 g. N, all in the amino form. 

The results of the complete fractionation are given in Table VI and the 
efficiency of the Ca salt precipitation of the dicarboxylic acids is given in Table 
VII. At no stage in any of the three separate analyses were products resembling 
the hydroxyglutamic acid of Dakin [1918] encountered. If the values for glu- 
tamic and aspartic acids and the N removed in the phosphotungstate precipi- 
tates from hydrolysate 2B are taken as maximum values for the protein, it is 
clear that large proportions of the dicarboxylic acids and N precipitable by 
phosphotungstic acid were extracted by butyl alcohol. 

It appears from the results given in Tables VI and VII that the higher con- 
centration of N precipitable by phosphotungstic acid present in fractions le and 
2 Ac led to serious contamination of the insoluble Ca and Ba salts to the extent of 
48 % and 37 % respectively of the total N present therein, whereas the corre- 
sponding value for hydrolysate 2B was only 11 % of the total N, an amount 
which was completely removed on reprecipitation of the Ca salts. The procedure 
adopted for hydrolysate 2 2B was very efficient, glutamic acid hydrochloride and 
copper aspartate having been isolated in a pure state with relative ease to 
account for 86 °% of the “total N recovered from the Ca salts. 


Preparation of the ethyl esters of the monoamino-acids 


All monoamino-acid residues from the separation of the dicarboxylic acids 
and the bases from hydrolysates 1, 2A and 2B, all fractions extracted by butyl 
alcohol (La, 16, 2 Aa and 2 Ab) and fractions 1-2, 1-3 and 2-2 were collected. The 
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position at this stage is summarized in Table VIII. Discounting the N removed 
as ammonia the total losses on the various inorganic precipitates were equal to 


6-8 % of the protein-N. The material for esterification, although equivalent to 


Table VIII. Position of analysis before esterification 


N Amino-N N% 
Fraction g. g. protein-N 
Glutamic and aspartic acids 4-60 4-60 14-8 
Removed as insoluble phospho- 8-64 5-60 27-7 
tungstates 
Tyrosine fractions 1-1] and 2-1] 0-28 0-29 0-9 
Ammonia plus total losses on 4-57 2-48 14-7 
precipitates ete. 
Residues from dicarboxylic acid 0:35 0°35 1-12 
separations 
Material for esterification 12-77 11-88 41-0 
Original values in hydrolysates 31-2 25-2 100-2 


41 % of the protein-N, contained, by calculation, 1-05 g. dicarboxylic acid-N 
and 1-21 g. of N precipitable by phosphotungstic acid. Deduction of these 
values leaves 33-7 °% of the protein-N which can be ascribed to the monoamino- 
acids. 

The summation of the N of the identified amino-acid constituents of the 
protein—glutamic and aspartic acids= 18-1 %; histidine, arginine and lysine = 
27-5 % and the amide-N =7-9 %—gives a total of 53-5 % of the protein-N and 
leaves 46-5 % to be accounted for as monoamino-acids. The difference of 12-8 °% 
between this estimate and the above value of 33-7 °% is explained by the losses 
on the various precipitates (6-8 °%%); the additional N which was precipitated 
with the base phosphotungstates (31-6 less 27-5=4-1°%); the small unidentified 
residues from the separation of the dicarboxylic acids (1-12 %), and finally the 
tyrosine fractions 1-1 and 2-1 (0-87 %). These four factors represent essentially 
monoamino-acid-N equivalent to 12-9 % of the protein-N and equivalent to 
28 % of the estimated total monoamino-acid-N of the protein. This was rather a 
large handicap with which to commence the most difficult part of the analysis, 
but since very little was known regarding the monoamino-acid constitution of 
myosin, it was decided to obtain by fractional distillation of the ethyl esters as 
much information as possible about the relative proportions of the monoamino- 
acids present. 

The dry finely powdered amino-acid fractions were suspended in absolute 
alcohol and the mixture saturated with dry gaseous HCl until complete solution 
of the amino-acids had been obtained. The solution was then refluxed gently for 
30 min., during which time a slow current of the gas was passed continuously. 
After being cooled to room temperature the solution was freed as much as 
possible from the water of esterification by alternate concentration in vacuo and 
dilution with absolute alcohol. This complete process was repeated twice. The 
final concentrate of the ethyl ester hydrochlorides was dissolved in absolute 
alcohol and adjusted to approximately pH 4 by addition of dry alcoholic 
ammonia as recommended by Foreman [1919] to remove most of the excess HCl. 
The NH,Cl which crystallized from solution at 0° was filtered off. Alcohol was 
removed from the filtrate by alternate concentration in vacuo and dilution with 
dry chloroform, and the final syrupy residue taken up in dry chloroform to 
permit the preparation of the free esters from their hydrochlorides by treatment 
with anhydrous Ba(OH),. 
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It was found impossible to obtain a Cl-free solution of the esters by simply 
shaking the chloroform solution in contact with excess Ba(OH),, and it was 
necessary to transfer the mixture to a “runner mill”. 

The finely divided solid residue of material insoluble in chloroform was 
removed and washed thoroughly with dry chloroform. Ba was removed quanti- 
tatively, the amino-acids in solution re-esterified and a second chloroform solution 
of free esters obtained. 

After the first esterification 79 °% of the N present was obtained in the form 
of free esters in chloroform solution. The re-esterification of the Ba residues 
brought an additional 13 % of the total N into chloroform solution. 7 °% of the 
N remained in the Ba residues from the second esterification and 1-4 °% of the N 
was lost in the removal of Ba from the residues of the first esterification. The 
necessary data are given in Table IX. 


Table [X. Distribution of N after liberation of esters 


N Amino-N 
Fraction g. g. 
Free esters in chloroform solution 11-70 11-13 
In Ba residue after removal of Ba 0-89 0-69 
Losses on BaCl, and BaSO, precipitates 0-18 0-08 
Total 12-77 11-90 


The chloroform solution of the free esters was concentrated at a bath temper- 
ature of 30° and pressure of 100 mm. During this and subsequent concentra- 
tions, all vapours which escaped condensation were trapped in HCl to ensure 
that no loss of volatile esters occurred. On addition of anhydrous ether to the 
residue, a flocculent precipitate formed. Ether was added until no further pre- 
cipitation took place. The precipitated esters were filtered off and the ethereal 
solution after standing overnight at 0° in contact with anhydrous Na,SO, was 
filtered and concentrated to 150 ml. at 100 mm. pressure and a bath temperature 
of 30°. The concentrated solution of the esters was transferred to the fractional 
distillation apparatus and the bulk of the remaining ether removed at a bath 
temperature of 40° and a pressure of 60 mm. Traps cooled by liquid air were 
used to prevent loss of volatile ester and a slow current of CO, was passed con- 
tinuously through the ester mixture to promote even boiling. 

The ester fraction soluble in chloroform but insoluble in ether contained 
0-64 g. total N and 0-39 g. amino-N. The ether solution of the esters contained 
11-06 g. total N and 10-74 g. amino-N, these values being equivalent to 86 °% of 
the original N for esterification and to 35 % of the total protein-N. 

On completion of the distillation, the small amounts of ester in the liquid air 
traps were added to their respective main fractions and with the exception of the 
first fraction the distilled esters were immediately hydrolysed in 6-8 vol. of 
water at boiling point. The resulting solutions of the free amino-acids were 
concentrated to dryness in vacuo for N analysis and subsequent fractional 
crystallization. 

! Owing to the difficulty of obtaining easily a small test sample free from suspended BaCl,, the 
determination of the presence or absence of Cl~ in the chloroform solution of the esters has by all 
published accounts been rather a difficult step in the procedure. A method for determining the 
completion of the reaction has been devised by Dr J. W. H. Lugg and is worthy of particular 
mention. A clean sample can be obtained by touching the surface of the chloroform mixture with a 
narrow strip of filter paper. After a few seconds the wetted strip is withdrawn and the lower part 
which contains traces of BaCl, is immediately cut away. The upper part wetted by capillary 
action contains a clean sample of the chloroform solution which can be washed out and tested for CI-. 
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The details of the distillation and preliminary analysis of the various 

fractions are presented in Table X 
Separation and identification of the monoamino-acids 

Fraction 1. This fraction was expected to consist mainly of glycine ester and 
was treated by saturation with gaseous HCl in alcoholic solution; 3-18 g. glycine 
ester hydrochloride were obtained containing 10-1 % N (theory 10-0 % N). To 
the mother liquor and washings were added the re-esterified amino-acids of 
fraction 13 and from the mixed alcohol solution, after concentration and 
saturation with gaseous HCl at 0°, a second crop of ester hydrochloride was 
obtained. This material weighed 1-49 g. and the N content of 12-3 °% indicated 
the presence of glycylglycine ester. The fraction was accordingly refluxed in 
20 % HCl; glycine was precipitated from the hydrolysate as te nitranilate 
| Town, 1936]. The precipitated glycine was equivalent to 90 °% of the total N of 
the fraction, which therefore consisted essentially of a mixture of glycine and 
glycylglycine esters and corresponded to a glycine content of 0-98 g. 

No further crop of ester hydrochloride could be se parated from the main 
mother liquor and, after hydroly sis of the esters and removal of HCl, three crops 
of free acids were obtained from aqueous solution. These crops were apparently 
mixtures of glycine, alanine and valine and were dealt with individually. 

Crop 1 was further fractionated by precipitation with nitranilic acid. 0-45 g. 
of pure glycine nitranilate was isolated equivalent to 0-18 g. of glycine, and, after 
removal of reagents, 4-42 g. of alanine (15-8 % N; [«]7° in 10 % HCl= + 10-4°) 
were crystallized from solution. The final mother liquor contained N equivalent 
to only 0-5 % of the protein-N and was neglected. 

Crop 2 contained 15-1 % N. A test nitranilate precipitation proved the 
presence of 0-34 g. of glycine and therefore, by calculation from the N content, 
the remainder of the fraction consisted of 2-8 g. alanine and 1-08 g. valine. 

Without previous removal of the glycine present, the main bulk of the frac- 
tion was treated for the separation of alanine and valine by phosphotungstic acid 
prec ipitation according to Levene & Van Slyke [1913]; 2-5 g. alanine (16-0 % N; 
[x]; in 10% HCi=+10-4°) and 0-22 g. v valine (12-1 . N) were isolated. The 
residue, weighing 1-23 g. and apparently consisting of all the glycine present with 
a large proportion of valine and traces of alanine, was not investigated further. 

Crop 3 weighed 1-73 g. and contained 14-7 % N. By nitranilic acid precipi- 

tation the equivale nt of 0-37 g. of glycine was isolated as nitranilate, leaving a 
residue of 1-36 g. (13-6 °4 N) which remained unidentified. Since no evidence of 
the presence of any acid other than glycine, alanine and valine was found in the 
whole of fraction 1, the probable composition of this end-fraction was 0-59 g. 
alanine and 0-77 g. valine. 

From fractions 1 and 13 therefore the amino-acids actually isolated and 
identified either as free acids or as derivatives were 3-59 g. glycine, 6-92 g. 
alanine and 0-22 g. valine. The unidentified fractions by calculation from the N 
values very probably consisted of 0-89 g. alanine and 1-63 g. valine. 

Fraction 2. By fractional crystallization from aqueous solution no single 
amino-acid could be separated. The several crops of crystalline material were 
evidently mixtures of valine and leucine with traces of alanine. By the lead salt 
separation of Van Slyke & Levene [1909] 2-01 g. of pure valine (N=11-96 %; 
la], in 20 % HCl= +26-3°) were isolated. 

Fraction 3. 2-05 g. of leucine (10-7 % N) were separated by crystallization 
from aqueous solution, and 1-69 g. of valine (12-0 % N; [a]? in 20 % HCl= 

25-1°) were isolated by precipitation in acetone solution. 
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Fraction 4. By fractional crystallization from aqueous solution and addi- 
tional separation of the lead salts 10-7 g. of leucine (10-7 % N; [a]}° in 20% 
HCl= +20-8°; in water= pe 54°) were isolated. The aqueous mother liquors 
were collected (0-38 g. N; 0-2 g. amino-N), taken to dryness and the residue 
extracted with absolute a alcohol to give a fraction insoluble in alcohol 
(0-15 g. N, all in the amino form), and a fraction soluble in alcohol (0-224 ge. N; 
0-038 g. amino-N). From the latter 3-02 g. of proline picrate (melting point 
150°) equivalent to 1-01 g. of proline were isolated. By difference only 0-062 g. 
of the non-amino-N in fraction 4 remained unidentified. 

At this stage the residual leucine-valine mixtures from fractions 2, 3 and 4 
were mixed and partly separated by means of the lead salts. 1-71 g. of valine 
(11:9 %N; [a]; i° in 20 © 4 HCl= + 25-4°) were isolated, leaving a residue of 1-73 g. 
which was further treated as described below. 

Fraction 5. By crystallization from aqueous solution 3-70 g. of leucine 
(10-7 % N) were isolated. The final mother liquor contained 0-25 g. N. By ace- 
tone precipitation 0-6 g. of leucine (10-7 °% N) was isolated, leaving a final residue 
which contained 13-4 % N and which was treated subsequently with the residual 
fractions of 2, 3 and 4. These were apparently mixtures of leucine, valine, 
alanine and proline. A small fraction of insoluble lead salts was removed to 
leave a final solid residue of 7-62 g. containing 1-04 g. N and 0-87 g. amino-N. 
This mixture was not resolved into its individual components, but assuming that 
it consisted of proline, valine and alanine its composition can be calculated on 
amino-N and total N values to be: 1-4 g. proline, 3-36 g. alanine and 2-86 g. 
valine. 

Fraction 6. 3-07 g. of leucine (10-7 ° N) were isolated by fractional crystal- 
lization from aqueous solution. The mother liquors gave a residue containing 
12-8 % N which was not identified. 

Fraction 7. The acids present in this fraction were very soluble in water and 
had to be recrystallized from increasing concentrations of alcohol. 0-55 g. of 
leucine (10-7 °% N) was isolated in this wav, the remaining material being un- 
identified. 

No attempt was made to separate the individual isomerides in the various 
leucine fractions isolated. The specific rotations in 20 % HCl of the different 
crops varied between +19-4° and +24-4° at a temperature of 21° and showed 
evidence of increasing proportions of d-isoleucine and/or norleucine with in- 
creasing vapour temperature of distillation of the ethyl ester fractions. 

Fractions § and 9. Preliminary titration showed that 7 1% and 10 % re- 
spectively of the total N of these fractions were dicarboxylic acs. Fraction 9 
was not investigated further. The mixed acids of fraction 8, however, contained 
11-0 % N, were very soluble in water and gave the positive biuret reaction 
characteristic of threonine and serine, suggesting the presence of the former. The 
dicarboxylic acids were removed by precipitation of the Ba salts in alcohol, the 
soluble salts were freed from Ba and the final aqueous solution concentrated to 
small volume in vacuo. Unfortunately at this stage a large aliquot of the solution 
was lost through breakage but from the re maining aliquot two solid fractions 
were se parated. Fraction A crystallized from 80 % alcohol solution and the 
mother liquor on being taken to dryness provided a small residue (10-6 % N) 
which probably consisted of leucine residues. 

Fraction A on analysis gave 40-25 % C,! 7-73 % H, 11-75 % N and [a]? in 
4 % aqueous solution = —20-2°. The theoretical values for d-threonine are 


1 All C, H and S determinations were carried out at the Micro-analytical Laboratory, Oxford. 
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40-31 % C, 7-62 % H, 11-76 % N and [«]?° in aqueous solution = —28-3° [West 
& Carter, 1937]. The material gave a strong positive biuret reaction, although all 
the N was present in amino form, and on recrystallization from alcohol gave an 
increased specific rotation, [x]; in 4° aqueous solution = — 23° with no signifi- 
cant change in elementary analysis. On heating, the product turned slightly 
brown at 220° and melted with decomposition at 240° which is 11-13° lower than 
the melting point of the synthetic d-threonine prepared by West & Carter [1937]. 
As a result of the loss of a large part of the original solution, there was insufficient 
material for more complete identification, but the elementary composition, 
positive biuret reaction, specific rotation, melting point and solubilities all 
indicate that the fraction may be accepted as slightly racemized d-threonine. 
After making allowance for the aliquot lost, the estimated total threonine was 
equivalent to 1-24 % of the protein and 0-87 % of the protein-N. 

d-Threonine has been isolated so far from the hydrolysate of only one other 
protein, namely fibrin, from which it was originally separated and identified to 
the extent of 0-08 % of the protein by McCoy et al. [1935], who estimated that 
there was possibly a loss of 80-90 % during the course of their procedure for 
separation of ie pure substance. The threonine isolated from myosin was 
equivalent to 54 % of the mixed acids of fraction 8 and was isolated without 
difficulty from the dicarboxylic acids and the apparent leucine isomerides 
present. With previous re moval of the dicarboxylic acids and more efficient 
fractionation of the ethyl esters, a relatively pure threonine fraction could 
probably be obtained without the large experimental losses involved in the 
procedure of McCoy and his associates. 

The residue in the distillation flask (fractions 10 and 11). The dark brown 
viscous residue was partitioned between ether and water to obtain separation of 
phenylalanine ester from the remaining material. The ether solution (fraction 10) 
contained 0-80 g. N and 0-70 g. amino-N, while the ether-soluble aliquot (fraction 
11) contained 1-98 g. N and 1-63 g. amino-N. Four crops of phenylalanine 
hydrochloride with a total weight of 6-93 g. containing 0-48 g. N were separated 
from fraction 10. The free phenylalanine contained 8-57 °% N and gave [«]?” in 
water = — 16°, showing that some racemisation had occurred at the temperature 
of distillation. The final mother liquor and washings were combined with 
fraction 11, the Ca salts insoluble in alcohol were removed and the insoluble 
phosphotungstates separated under the usual conditions. The insoluble Ca salts 
contained by difference 0-87 g. N and 0-50 g. N was removed in the form of 
insoluble phosphotungstates. From the remaining solution of monoamino- 
acids, 1-83 g. of phenylalanine (8-57 % N) were isolated, leaving an unidentified 
residue which contained 0-77, g. N. 

Fraction 12. This fraction consisted of the esters which were soluble in 
chloroform but insoluble in ether. Of the original 0-63 g. N, 0-37 g. was precipit- 
able by phosphotungstic acid, leaving a residue which contained 0-04 g. tyrosine 
and an unidentified mixture equivalent to 0-8 % of the total protein- N. 

Fraction 14. The Ba residue from the second esterification was freed from Ba 
and the N precipitable by phosphotungstic acid removed. Of the original 0-87 g. 
N in the fraction 0-34 g. was removed by phosphotungstic acid precipitation and 
0-91 g. of crude tyrosine containing 0-07 g. N was separated, leaving a final 
unidentified residue containing 0-42 g. N. 

The results of the analyses of the ester fractions are summarized in Table XI. 
Of the original 12-8 g. N in the material which was esterified, 5-74 g. were associ- 
ated with the isolated free amino-acids or their derivatives, 0-96 g. was associated 
with the dicarboxylic acids and 1-21 g. were associated with N precipitable by 
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Table XI. Summary of the fractionation of the monoamino-acids 


Ester N identified N unidentified 
fractions Isolated fractions g. g. 
1+13 Glycine 0-67 
Alanine 1-09 0-42 
Valine 0-026 j 
2, 3, 4 Valine 0-65 
Leucines 1-36 } 1-19 
Proline 0-1 2) 
5 Leucines 0-46 0-19 
6 Leucines 0:33 0-09 
7 Leucines 0-059 0-16 
7, 8,9 Dicarboxylic acids by titration 0-086 0-60 
8 Threonine 0-27 j 
10+11 Phenylalanine 0-64 ) 
10+11 Basie N (insoluble phosphotungstates) 0-50 + 0-77 
10+11 Dicarboxylic acids (insoluble Ca salts) 0-87 } 
12 Tyrosine (colorimetric) 0-003) 0-27 
12 Basic N (insoluble phosphotungstates) 0-37 J - 
14 Tyrosine (isolation and colorimetric) 0-065), 0-46 
14 Basic N (insoluble phosphotungstates) 0-34 | 
Losses in esterification — 0-68 
Total 7-91 4-83 


phosphotungstice acid. The remaining 4-83 g. represented incidental losses and 
the residual fractions of unidentified material in the ester fractions. Although 
only 18-4 % of the N of the protein was identified as monoamino-acid-N, im- 
portant information was gained regarding the efficiency of the esterification 
procedure and the distribution of the amino-acids in the main ester fractions. 
Attention may be drawn to the following points. 

(1) On the basis of the values obtained from hydrolysate 2 B, it was estimated 
that the dicarboxylic acid-N in the material to be esterified was 1-05 g. The total 
dicarboxylic acid-N traced by titration in fractions 7, 8 and 9 and by separation 
of the insoluble calcium salts from fractions 10 and 11 was equal to 0-96 g. This 
would indicate that the values quoted for the dicarboxylic acids are maximum 
values for the protein. 

(2) The total basic N present in the material for esterification was estimated 
to be 1-21 g. A total of 1-21 g. N was removed subsequently by precipitation 
with phosphotungstic acid and this N was distributed in approximately equal 
proportions amongst the residue from distillation of the esters, the esters which 
were insoluble in “ether and the Ba residue remaining after liberation of the 
esters from their hydrochlorides. 

(3) According to Bailey’s [1937] determination the total tyrosine-N is equal 
to 1:57 % of the protein-N. The free tyrosine which separated during concentra- 
tion of the Cl-free hydrolysate (see Table IV) contained the equivalent of 0-9 % 
of the protein-N. The greater part of the remainder, equivalent to 0-22 % of the 
protein-N, was present in the Ba residues (fraction 14). 

(4) The total monoamino-acid-N in the material which was esterified was 
10-51 g. (12-77 —(1:05+1-21)). The N remaining in the Ba residue from the 
second esterification was 1-07 g. and of this 0-34 g. was subsequently proved to 
be essentially basic N. The actual monoamino-acid-N which remained insoluble 
in chloroform was equal to 0-73 g. and therefore 93 °% of the monoamino-acid-N 
was obtained in the form of free esters in chloroform solution. The procedures for 
esterification and liberation of the esters of the monoamino-acids may be accepted 
without alteration as highly efficient if account is taken of the known difficulties 
in the esterification of the hydroxy-acids, tyrosine and serine, which have usually 
been found in the Ba residue after liberation of the esters. 
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SUMMARY 


Investigation of the amino-acid composition of myosin from rabbit’s muscle 
has led to the identification of 72 °% of the N of the protein, equivalent to 77 % of 
the protein by weight. By incorporation of the values obtained by Bailey [1937] 
for tyrosine, tryptophan, methionine and cystine, the total identified material is 
raised to 76 % of the N of the protein, equivalent to 85 % of the protein by 
weight. 

The basic amino-acids were determined by the Block [1934] procedure, the 
dicarboxylic acids by separation of the calcium salts and the monoamino-acids by 
fractional distillation of the ethyl esters. 

In the course of the analysis the following observations relating to analytical 
procedure were made: 

(a) Large proportions of both the basic amino-acids and the dicarboxylic 
acids were extracted from an acid-free protein hydrolysate by butyl alcohol. 

(6) Under the conditions of experiment, the calcium salts were more selective 
than the barium salts for the separation of the dicarboxylic acids. 

(c) Foreman’s procedure for esterification and liberation of the free esters of 
the monoamino-acids was effective in obtaining 93 °% of the N in the form of free 
esters in chloroform solution. 


The author is indebted to Prof. A. C. Chibnall for his constant interest and 
advice and to Dr E. C. Bate Smith for his valuable co-operation on many points. 
Mr R. G. Westall gave technical assistance throughout the investigation. 
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LXXXVI. QUALITATIVE TESTS ON HUMAN 
ENAMEL PROTEIN 


By P. PINCUS 


From the Royal Dental Hospital, London 
(Received I April 1939) 


IN a previous communication [Pincus, 1936] it was pointed out that enamel 
protein, which is of epithelial origin and is usually classed as a keratin, failed to 
conform to certain of the criteria for keratins. The sodium nitroprusside test for 
cysteine was applied to enamel protein after hydrolysis with 5 and 25% KOH, 
and after hydrolysis with HCl. (Enamel protein is hydrolysed with difficulty.) 
A negative result was observed on most occasions, but after alkaline hydrolysis 
a slight positive result was obtained twice. Tiny fragments of wool, hair and hoof, 
after alkaline hydrolysis, readily gave a well-marked positive result with the 
sodium nitroprusside test. When boiled with 25°% KOH for 30 min., enamel 
protein showed no blackening with lead acetate, while wool, hair and hoof all 
readily showed a marked blackening. The findings of Rosebury [1930] with regard 
to the difficulty of hydrolysis of enamel protein are thus confirmed, but not the 
“slight darkening” which he observed with lead acetate. 

These observations on enamel protein have now been extended in order to 
get more definite evidence as to the nature of the protein. 

For the tests to be described the enamel protein was collected as before, 
by decalcifying the enamel with acid and washing the protein; 2% HCl 
was used in place of the acetic acid used before. The teeth had not been in 
formalin. 

The material collected in this way contained N, 12-1° (Weiler), S, 1:2%, 
ash, 8-0°% (Schoeller). There was about 2°% Ca and a small amount of fatty 
material. The protein gave a marked reaction for tyrosine. 

Now keratins are usually regarded as proteins very rich in sulphur and 
particularly in cystine. Human hair contains 16-5°%, cystine, sheep wool con- 
tains 10-0 % cystine, while silk fibroin which has hitherto been classed with the 
keratins, contains no cystine [Block & Vickery, 1931]. 

Block [1937] and Block & Bolling [1939] have subdivided the keratins into 
the eukeratins (cattle horn is the typical eukeratin), which contain histidine : 
lysine : arginine in the molecular ratio 1:4: 12, and pseudokeratins (human 
skin is a typical pseudokeratin) which do not give these ratios and which are 
less resistant to enzymic hydrolysis than the former. 

While it would be desirable to ascertain how enamel protein compares with 
keratins in respect to its amino-acids, such examination appears at present 
impracticable because of the small quantities of material available. 

A more profitable line of investigation, suggested by Dr M. M. Murray and 
Dr Neuberger, appeared to be that followed by Goddard & Michaelis [1934]. Two 
tests were applied: (1) to compare the solubility of enamel protein with that of 
known keratins, e.g. hair, wool, horn and hoof, in solutions of Na,S, KCN and 

( 694 ) 








HUMAN ENAMEL PROTEIN 695 


Na thiolacetate; (2) to test the action of trypsin and pepsin on such of these 
proteins as remained undissolved after they had been treated with the solutions 
mentioned above. 

Hair and wool dissolved in 0-75.M Na,S, 4.7 KCN or 1-6 Na thiolacetate 
in 2 days; horn and hoof took rather longer, while enamel protein was more 
resistant still. If all these proteins were exposed to the solutions for 24 hr., 
enamel protein resisted subsequent exposure to trypsin longer than did the other 
substances. It was previously reported that KCN attacked enamel protein; 
this observation is now thought to be incorrect. Limitation in the supply of 
enamel protein necessitates collection over a considerable time, so that such 
moulds as penicillia may contaminate the tiny collections of protein. It has 
been found that moulds, which may have attacked enamel protein, are them- 
selves readily attacked in turn by KCN, and in this way the error probably 
arose. Most of the work has been carried out on pieces of material less 
than 3mm. square and very thin; supply of suitable human material is 
limited. 

It has been stated above that wool and hair dissolved in Na,S or in Na 
thiolacetate in a couple of days; if horn, hoof and enamel proteins were treated 
with Na,S or Na thiolacetate for 4 days, only enamel protein resisted subsequent 
exposure to trypsin for 24 hr.; enamel protein is eventually but slowly attacked 
by trypsin. Experiments with pepsin gave similar results. 

Enamel protein thus appears to differ from characteristic keratins. It has a 
low sulphur content; it does not give a positive test for cystine. The protein 
does not dissolve in such reagents as Na,S, KCN and Na thiolacetate; after 
exposure to these reagents it is attacked by trypsin and pepsin at a much slower 
rate than the typical keratins. Enamel protein is therefore unlike hair, wool, 
horn and hoof and yet it cannot be classed as one of Block & Vickery’s pseudo- 
keratins, since it is more and not less resistant to enzymic digestion than the 
true keratins: it appears to be much more resistant than human skin. The 
results of the tests are set out in Table I, which also provides the summary of 


results. 
SUMMARY OF RESULTS 
Table I. Results of tests on keratins and enamel protein 
(A) Lead acetate test 
Wool, hair, horn, hoof All +ve Enamel protein — ve 
(B) Sodium nitroprusside test 
Wool, hair, horn, hoof All +ve Enamel protein — ve 
(C) Solubility and enzymic hydrolysis 
(a) KCN KCN KCN 
(6) NaS NaS NaS 
(c) Na thiolacetate Na thiolacetate Na thiolacetate 
Contact with one of the 
above for 4 days fol- 
Contact with one of the Contact with one of the lowed by trypsin for 
above for 2 days above for 4 days 24 hr. 
Wool Dissolves — — 
Hair Dissolves —— es 
Horn Resists Resists Dissolves 
Hoof Resists Resists Dissolves 
Enamel Resists Resists Resists 
protein 


This last series of tests (C) was carried out at 37°. 
44 
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This work forms part of an investigation into dental caries carried out with 
the aid of grants from the Medical Research Council; clinical material has been 
made available by the Royal Dental Hospital. For these facilities grateful 


thanks are recorded. 


REFERENCES 


Block (1937). J. Biol. Chem. 121, 761. 

& Bolling (1939). J. Biol. Chem. 127, 685. 
—— & Vickery (1931). J. Biol. Chem. 93, 113. 
Goddard & Michaelis (1934). J. Biol. Chem. 106, 605. 
Pincus (1936). Nature, Lond., 138, 970. 
Rosebury (1930). J. dent. Res. 10, 187. 





LXXXVII. THE ROLE OF THE AROMATIC AMINO 
GROUP IN DERANGED PIGMENT METABOLISM 


By GEORGE BROWNLEE (Rammell Student) 


From the Pharmacological Laboratory, College of the Pharmaceutical Society 
(Received 30 March 1939) 


THE recent widespread use in clinical practice of drugs of the benzenesulphon- 
amide type has been followed by many reports of intoxication. Among the more 
dangerous conditions described are the cases involving the leucopoietic mechan- 
ism and resulting in fatal cases of granulocytopenia [Johnston, 1938]. This 
peculiar toxic action is shared by probably all the coal tar antipyretics and by 
drugs of the arsphenamine type. Kracke & Parker [1933] showed that the clinical 
onset of granulocytopenia was preceded by prolonged or intensive administra- 
tion of drugs which contained an aromatic amino group. These workers describe 
cases involving the use of acetanilide, phenacetin or amidopyrine, and others with 
neoarsphenamine or arsphenamine. They concluded that this toxic action de- 
pended on the oxidation reactions of the drugs. This view is supported by 
Archer & Discombe [1937] and Jennings & Southwell-Sander [1937], both of 
whom advance evidence that drugs containing an aromatic amino group are also 
capable of causing methaemoglobinaemia, and of catalysing sulphaemoglobi- 
naemia. 
Methaemoglobinaemia and sulphaemoglobinaemia 


{qually disquieting are the toxic effects of this class of drugs involving the 
erythropoietic mechanism. Erysipelas patients treated with aminobenzene- 
sulphonamide have been reported by Snodgrass & Anderson [1937] to develop 
cyanosis in 30 % of cases, while of 106 puerperal cases cyanosis was observed in 
56 % by Colebrook & Purdie [1937]. This cyanosis has been commonly attributed 
to methaemoglobin or sulphaemoglobin but it is claimed by Marshall & Walzl 
[1937] that it is unaccompanied by a decrease in the oxygen carrying capacity of 
the blood, and this claim is supported by King & Leslie [1938], who suggest that a 
black oxidation product of sulphanilamide may be the cause of the cyanosis and 
dark colour of the blood. Nevertheless, methaemoglobin and sulphaemoglobin 
formation following benzenesulphonamide administration have been reported by 
Colebrook & Kenny [1936] and confirmed by a number of workers [Discombe, 
1937; Kane, 1937; Paton & Eton, 1937, 1, 2]. These apparently contradictory 
reports are illuminated by earlier work on acetanilide. Evidence has accumu- 
lated to show that methaemoglobin can be demonstrated in the blood for several 
hours after acetanilide has been ingested. It has been demonstrated spectro- 
scopically by Dennig [1900], Cabot [1902], Payne [1935] and Todd [1926] and by 
reduction in the oxygen carrying capacity of the blood by McEllroy [1919]. 
this stage phenols which can be detected in the blood stream are at their ilies . 
levels, and cyanosis is deepest, while at a later stage it may be impossible to 
demonstrate the spectrum of methaemoglobin although cyanosis is still observed 
| Payne, 1935]. These successive stages were thoroughly elucidated by the ex- 
periments of Payne [1935]. The persistent cyanosis observed when these drugs 
are ingested for long periods has been described variously as livid blue, grey o1 
slatey in colour. Immediately following ingestion the livid cyanosis develops 
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and at this stage methaemoglobin is undoubtedly a factor, while as the drug 
is eliminated, slowly with sulphanilamide, phenacetin and amidopyrine, but 
quickly with phenazone, which is soluble, the livid blue gives way to a muddy- 
grey colour, which persists long after methaemoglobin and sulphaemoglobin have 
disappeared. Small quantities of p-aminophenol in the tissue have been re- 
peatedly noticed and may account for this condition. If acetanilide is not in- 
gested but introduced parenterally it may not be possible to demonstrate the 
presence of methaemoglobin even although cyanosis is seen [Young & Wilson, 
1926]. Methaemoglobinaemia was observed by Snapper [1922] in dogs which 
had been given phenacetin, while if uncombined sulphur was given simul- 
taneously, sulphaemoglobin developed instead. The cyanosis ceased on with- 
drawal of the drug and reappeared when the drug was resumed. Sulphaemo- 
globinaemia was also reported by Ivens & Vollenhoven [1925] in the case of a 
woman who took phenacetin for three months. Amidopyrine was reported by 
Kobert [1926] to produce methaemoglobin. In the many published reports of 
acute aspirin poisoning methaemoglobin and sulphaemoglobin formation have not 
been suspected and cyanosis hasnever been reported [compare Dyke, 1935; Wyllie, 
1935; Neale, 1936]. 


Ultimate fate of the aromatic amino group in the organism 

From a purely chemical standpoint it is a simple matter to postulate a common 
degradation type for drugs of this series. Hydrolysis and oxidation of com- 
pounds containing the aromatic amino group will usually produce p-amino- 
phenol. The ease with which it is produced will depend on the stability of the 
substituent side-chains or rings. Where the o-position is substituted as in arsphen- 
amine the conversion will proceed first through the less stable o-aminophenol. 
Where there is no amino group, as in aspirin, oxidation will be slow and the final 
product is likely to be quinol. Evidence in support of this claim is fragmentary 
and the only cases clearly proved are those of aniline, dealt with later, and 
acetanilide. Ellinger [1920] has isolated acetylphenylhydroxylamine from the 
blood of cats poisoned by acetanilide, while Michel e¢ al. [1937] have demon- 
strated that an enzymic hydrolysis due to the acylase of Abderhalden splits 
acetanilide to acetic acid and aniline. Liver converts aniline into a brown pigment 
which they consider to be oxidized p-aminophenol. Dakin [1922] has shown that 
the end-point of acetanilide oxidation in vivo and in vitro is p-aminophenol and 
this product has been isolated from the urine by Herrick & Irons [1906] and from 
the blood plasma of dogs by Young & Wilson [1926]. The unchanged drug is 
excreted as a glycuronate according to Herrick & Irons [1906]. 

No mention has been made in the literature of the isolation or identification 
of p-aminophenol following the use of amidopyrine or phenazone but degrada- 
tion products are known. 

Jaffé [1901] has isolated the red-coloured compound from the urine of dogs 
treated with amidopyrine. This compound, rubazonic acid, is a condensation 
product of two oxidized amidopyrine molecules. Enklewitz [1935] has shown 
that the reducing action of urine following the administration of the drug is due 
to the conjugated glycuronate. Meyer [1937] has recently advanced evidence to 
relate the therapeutic efficiency of the aminobenzenesulphonamide molecule 
with the oxidation potential of the compound ultimately produced in the 
tissues. Marshall & Walzl [1937], and Rimington [1938] have both observed the 
presence of a brown oxidation product following sulphanilamide intoxication. Of 
aspirin, Sollmann [1936] says it is hydrolysed in the gastrointestinal tract to 
salicylic acid, the bulk of which is excreted as glycuronates and as sulphates, 
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while a small amount is oxidized to hydroxysalicylic acid and quinol. This 
oxidation must be small compared with that of drugs containing the readily 
oxidized amino group. Of the ultimate fate of p-aminophenol itself, Herrick & 
Irons [1906] say it is excreted by the kidneys as ethereal sulphate. 


Methaemoglobin formation 


The mechanism of methaemoglobin formation has been established by 

Heubner and his collaborators, working with the simple aniline molecule. 
Although phenylhydroxylamine occurs as an intermediary in the oxidation of 
‘aniline, it is not considered to be the actual methaemoglobin-former on account 
of the ease with which it is irreversibly converted in vivo into azoxybenzene 
|Heubner e¢ al. 1923]. When aniline was given to cats by subcutaneous in- 
jection of a watery solution, Heubner & Schwedtke [1936] were able to demon- 
strate that eight times the theoretical molar equivalent of methaemoglobin was 
formed, at which stage an equilibrium was established when 37 % of the total 
blood pigment was oxidized. These results justify Heubner’s conviction that 
phenylhydroxylamine was not responsible but that the reduction-oxidation 
system set up by p-aminophenol and p-iminoquinone was the effective agent. 
Iminoquinone would be capable of oxidizing one molecule of haemoglobin into 
methaemoglobin being itself reduced thereby; it could again be oxidized in the 
blood when it would be available to start again. This catalytic conversion would 
proceed until an equilibrium was established. To fill the role in this scheme a drug 
containing an aromatic amino group with a hydroxyl in the o- or p-position, or 
with a potential source of these, is required. It seems possible that a quinol: 
quinone system would fulfil the same function. 


Porphyrin excretion 


The rash, which has been reported by Schwentker & Gelman [1937] in a 
proportion of cases of sulphanilamide intoxication has been shown to be con- 
nected with exposure to sunlight by Newman & Sharlit [1937] and Frank [1937]. 
The possibility that photosensitization was present was investigated by Brunsting 
[1937] who reported an increase of urinary porphyrin in two uncontrolled 
experiments. Porphyrin excretion in fever or liver injury was early observed by 
Garrod [1900], and is discussed by Gunther [1922] but isolation of the type 
excreted was not attempted. The normal daily human output of urinary por- 
phyrin has been given as 0-50 ug., and values outside this range are regarded as 
abnormal by Schreus & Carrié [1933] and Brugsch [1935]. Fink [1934] charac- 
terized the normal urinary porphyrin as coproporphyrin I, which was shown by 
Bingel [1937] to be a much more active photosensitizing agent than the corres- 
ponding series III isomerides. The view expressed by Rimington [1936] that 
urinary porphyrin excretion furnishes a reliable index of the extent of normal 
haematopoietic activity has received the support of Dobriner e¢ al. [1937]. In a 
series of experiments with rats, Rimington [1938] showed that with doses of 
0-4, 1-39 and 1-5 g. of sulphanilamide per kg. the urinary porphyrin excretion 
increased to 2-5, 7 and 8 times respectively. These porphyrins were isolated and 
identified as members of the series III, together with small quantities of series I. 
darlier experiments with a drug giving a similar degradation product are those of 
Schreus [1935] who identified coproporphyrin III in the urine of patients 
treated with salvarsan. 

In view of the close connexion between the drugs of the coal tar antipyretic 
series and drugs of the benzenesulphonamide series, it was decided to investigate 
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the effect of the former drugs when administered orally to normal healthy rats 
maintained on a constant artificial diet. The drugs which were examined were, 
acetanilide, phenacetin, phenazone, amidopyrine, p-aminophenol and aspirin. 


EXPERIMENTAL WORK ON RATS 


Groups of three adult male rats, of the albino strain maintained in this 
laboratory, and weighing 120-150 g. were used. They were kept in metabolism 
cages, the grids and sloping bases of which were coated with paraffin wax to avoid 
contamination with metals. Urine was collected every morning from conical 
flasks fitted with pear-shaped glass bulbs to avoid any contamination with 
faeces, and was analysed at 3-day periods. A few drops of toluene were always 
added to the cleaned flasks to inhibit bacterial growth. The rats were removed to 
feeding cages for 1 hr. during the forenoon and 1 hr. during the afternoon (a 
single 2 hr. period during the forenoon on Saturday and Sunday) and were 
offered unrestricted amounts of synthetic diet. Water was available in the 
metabolism cages, and in the food cages. The drugs were administered by 
stomach tube, first thing in the morning, and on an empty stomach and some 
2 hr. before offering food. These drugs, finely powdered, were suspended in 2 °% 
acacia mucilage in tap water which was administered as 5 ml. per 100 g. body 
weight. In the first experiments the dose level for all drugs was fixed at 25 % of 
the LD 50 which had been previously determined [Brownlee, 1939]. Since the 
excretion of coproporphyrin in the rat varies from animal to animal a pre-period 
was included for each group and a control group which was dosed throughout 
with 2 % acacia mucilage was included. 

The details of the extraction of the pigment are reproduced later in this work. 
Quantitative determinations were made by comparing the intensity of the 550 my 
absorption band in acid solution with that of a standard. This was a solution of 
coproporphyrin in 0-5 ° HCl containing 10 ug. per ml. Comparison was made by 
diluting the unknown to match the standard, and viewing the solutions with a 
wave-length spectrometer, where the 550 my band only was observed. 

The results presented in Table I show porphyrin excretion for two periods of 
3 days without drug, and for three periods of 3 days with drug. For acetanilide 
the marked rise was immediate and reached 10 times the excretion pre-period. 
With phenacetin, a rise was not seen until the second 3-day period but the final 
figure was six times. Phenazone showed a decrease for the first 3-day period and 
finally rose to four times. This decrease which is noted here and is observed again 
later is probably due to a temporary depression of haematopoiesis by the drug. 
In the case of amidopyrine the rise is immediate and the final figure was eight 
times. With aspirin the first 3-day rise is of the order of 2-5 times, reaching 5 
times on the second period. This dose of aspirin proved toxic; two of the animals 
dying on the first day of the third period, and the other, 2 days later. A post- 
mortem examination of these animals showed gastric haemorrhage [compare 
van Bodegom, 1925; Barbour & Dickerson, 1938], while the gross appearance of 
other organs see med normal. 

A second series of experiments was designed to determine whether the dose 
levels of the various drugs could be adjusted to give the same degree of por- 
phyrin excretion. The details of the experiments are given in Table II while a 
summary of the porphyrin excretion only is given in Table III. 

It is seen that phenacetin and phenazone are porphyrin-producers of the 
same order, amidopyrine is twice as potent and acetanilide four times. The case 
of aspirin has proved difficult to interpret. On the previous experiments 























01 





































































I™~ 

98 —_— pred proc 0-9 

pred 

a8 — — ae 0-4 L 
Nn Gs prod Ges Gee G:C 
= F-6 (| O-e 9-¢ t GF 
7, _— 
fant ei F'8 OFT O-¢ Oe GF dy F 
tamed 
a Og 0-9 GL 
ae C6 CF t¢ 0 O-8 FS 
os FG Os Oz 0-9 09 GS OFT OSZ I 
= 0-8 ¢ 8:8 F-8 Gs 
=| £6 SL GL a8 G8 a8 
© FE 9-8 09 9-8 re | G8 cE Ell Youreyy ( 

Gc ore . wre < Gt CG Ga IN GE 
ce 
< 
c 8-L 8-8 8-8 8 
mn 0-6 gk 9-8 
_ = — ~ 
; SI 9-8 82 G8 RI 0% re FL FE 
A 
© c-8 8 8-8 8-8 
— , -.) CR 
= L eh £8 
> 8-8 SI 0-8 FE 9F L-9 8z a8 Gorey €e 
io “ar “ar 901 “or ‘al a7eQ] 
~ uAydiog gunoo umdydiog yunoo  ucydaog iAydaog 
a ‘Ora rf 1 
pw 
’ \ oe | = = / Veasaiatienat 

= ATUO vIOBOV ‘py aod “Sur YOY tod “Sw “Dy 00g l -Suw 
5 Z }U0;) out Adopiury ouozt urqo Id uvy 









pwdPp 9 0) yoy GZ wolf fpmp a0u0 waarb asan shnagqy “porsad yona fo hivp ysaif ayy 
uo yl wad suoyjru ur syunos afisoryjhisa pun ‘shop ¢ sof sys aasyy sof ‘br ur urshiydsod fanuran 19107, “TY equy 









GE erat OFT ai Og a 09 = cE — ce ; oun? T 








































CL 0-9 SF 
a6 8-¢ a 
8G F'6 06 GP bg G& 0-¢ O€ AVI 62 
8-L oF O-F F-¢ 
£6 og #-¢ 9-¢ 
6G 6 8él O-g 08 OF eg 8& 9-9 AVIT 9E 
L 9 OF oP ZF 
6 aE Gg FG 0-¢ 
0c 6 08 SF Ol ae OST Og cL G-L cg AVIV €% 
GL Gg tT 
G-6 9-9 og 
ae G8 $E 09 06 CF 0g 0-8 Ch AVIV 0 
a] 
PS 0-8 G6 ra 
& Q =O G's 
i 6 #8 0-¢ 
7, GE 0-6 él 9-2 OF 9¢ 0-¢ 9€ FE Gl AV LI 
= a8 F-6 £8 BL 
° z-01 SL SL 8-6 
ce - : ‘ ; . es pits ae 
= FE 8-8 § [IN 9-2 IN 8-L FE G8 8I ACT FI 
ce 
as 98 0-6 0-6 8-L Gs 
= 0-01 8-2 ¢-8 8-L 8-6 
Fz 0:6 9 9-2 GE G8 8¢ G8 ST 0°8 él AGH IT 
G8 0-6 G8 G8 8-8 
0-01 G8 a8 0-01 0-8 
0z 8:8 8 8-8 0z 0-8 Ze 9-8 gc] 6-L GT a8 AVIV 8 
“Bil oT “Br oT > ‘orl 90 * “Bl oI * “orl oI x ‘orl oT * ayeq 
uudydiog = gunoo untydiog yunos undydiog yunoo undydaog —yunoo uwAdydiog §=gunoo udydiog —yunoo 
‘Ona ‘ray ‘O'a'u ‘Ora'u ‘Ora a ‘ay 
eer Seo ce Ss ) n \ Z : ‘ yp eanell Aes = bee 
AyuO vIorvor “Dy dod ‘Sut Qey “Dy aod “Su ey “py aod ‘Su OOF “Dy aod “Sur OOE ‘py aod “Su ey 
% & spoaqyuoy utd ourAdoprury auozRuoyd uIjooRUIy aplplurqooy 
paunsas asan shnap ayy uayn porsad v hiyouy pun unoapypn asan shnap ay) uwayn sporsad hinp-¢ 
ie ony mopjof uay T, by ypin sporsad fipp-¢ dnof hq panoyjof aun sbnip gnoyyun shivp g fo ee < On], “port xl yana fo 
= hop ysayf ay, uo 7M sad suowyjiu ur syunod ahoo.yjhisa pu shvp ¢ 40f syou aatyy Lof Br ur uhydiod hanursn 170.L “TT °[qQRy, 








TOXIC ACTION OF AROMATIC AMINES 703 


Table III. Increase of coproporphyrin excretion in urine from groups of three rats 
for 3-day periods, following administration of antipyretic drugs 
Porphyrin excretion in multiples of the pre-period 


Daily dose 


in mg. Drugs given Drugs withdrawn Drugs 
Drug per kg. —_— a resumed 
Acetanilide 75 ] 2 4 5 3 2 2-5 
Phenacetin 300 15 25 35 5 3 2 2 
Phenazone 400 nil 1 3 5 25 1 2 
Amidopyrine 150 nil 2 3 5 3 2-5 2-5 
Aspirin 150 05 2 t 10 6 Il 15 
Controls — 1 15 1 1 ] 1-5 ] 


appeared to be as potent as phenacetin or amidopyrine while on this occasion it 
shows a potency of many times that of amidopyrine. Attempts to repeat these 
experiments with a dose level of 75 mg. per kg. gave an entirely negative re- 
sponse while doses of 150-300 mg. per kg. gave figures which varied from a 
faint positive to a figure of 15 times normal. These larger figures were always 
accompanied by haemoglobinuria and the animals very quickly Jost tone and 
died. Post-mortem examination always showed gastric haemorrhage. 

Further experiments with these drugs and with p-aminophenol] were made on 
groups of twelve adult rats, with the object of isolating the pigments. The proto- 
cols are not reproduced again since the results are similar and confirm those 
given above. In the case of p-aminophenol the dose level of one quarter of the 
average lethal dose (LD 50=600 mg. per kg.) was well tolerated. The excretion 
of porphyrin during the preperiod of 3 days for four rats was found to be 8g. 
There was a decrease for the first 3-day period of dosing and the second and third 
periods showed a small rise of 1-5 times. For the fourth period a jump to 11 times 
was recorded, while the fifth and sixth periods both gave 22 times the pre-period. 


General observations 

Throughout the experiments a daily cycle of events was observed. Before 
dosing, the animals were quite playful and appeared normal, and at this stage 
blood was taken from the tail for the blood counts and for methaemoglobin 
determinations. After dosing, all the animals receiving drugs were depressed, 
and in the case of animals receiving aspirin, amidopyrine, phenazone and p- 
aminophenol typical muscular spasms were seen. In all casesexcept that of aspirin, 
cyanosis developed but passed off in the course of 6-8 hr. During the course of 
the experiments a tolerance to these drugs was acquired except in the case of 
aspirin, where the rats became markedly more irritable. All the animals showed 
losses in weight but the controls always finished with a good appetite, while 
rats receiving aspirin, phenacetin and amidopyrine showed little interest in food. 
At the close of the experiments the animals were killed by a blow on the head and 
the spleens taken for histological examination. 

Urine. Urine from rats receiving acetanilide, phenacetin and p-aminophenol 
was dark with a greenish fluorescence. On exposure to air it darkened from the 
top down and rapidly became black. Rats receiving amidopyrine voided a dark 
red urine, and those receiving phenazone a light pink; both darkened on exposure 
to air. By qualitative tests all these urines showed increased amounts of protein, 
bile salts and urobilin. The urine from rats receiving aspirin was dark and 
darkened a little on standing, and while excess protein was frequently found, 
urobilin and bile salts were normal. Increases in the volumes of urine, such as 

timington [1938] observed with sulphanilamide were not seen. Blood from all 
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animals was examined spectroscopically for methaemoglobin and sulphaemo- 
globin, by approved methods, but only in the case of one animal treated with 


acetanilide and one receiving p-aminophenol was the characteristic spectrum of 


methaemoglobin identified. This examination was made 22 hr. after administra- 
tion of the drug when only persistent methaemoglobinaemia would have been 
identified. 

Blood picture. A gradual fall, amounting to a progréssive anaemia, was 
observed in the circulating erythrocytes during the course of these experiments. 
The counts are recorded in Tables I and IT. 

Photosensitization. Animals treated with amidopyrine and phenazone lost all 
fur from the back and sides of the body. All the drugs examined were fed to 
groups of two rats for 9 days. The backs of these animals and of two normal 
rats were shaved and exposed to the ultraviolet irradiation from a mercury 
vapour are at 24 in. for 15 min. on 3 successive days. All the rats receiving 
drugs developed typical red weals readily distinguishable from the erythema of 
the ‘controls. The photosensitization was, however, of a mild order. 

Histological examination of spleens. The spleens of all animals receiving the 
drugs were enlarged and slaty black in colour. Sections from animals receiving 
acetanilide, phenacetin, phenazone, amidopyrine and p-aminophenol showed a 
common microscopic picture. The sinuses were engorged with red blood cells, 
while the cells which lined them showed a marked reticular hyperplasia. The 
prussian blue reaction showed a quantity of stainable iron but much more con- 
spicuous were large deposits of brownish non-staining pigment in the pulp. 

Sections of spleens from animals treated with aspirin showed smaller amounts 
of stainable iron and of brown non-staining pigment. The sinuses and cells of the 
pulp presented a grossly abnormal picture being packed solidly with red cells, 
most of which were abnormal in outline and size. 

The sections when examined by ultraviolet fluorescence microscopy showed 
some orange fluorescence but this was not associated with the characteristic 
brown pigment deposits. 


Extraction of the porphyrins from urine 

Methods of extraction of porghyeiue were outlined by Garrod [1894] and were 
developed by Fischer [1924, 1, 2; 1926] and Fischer & Duesberg [1932] and by 
Watson [1932]. An excellent scheme for se paration and identification of por- 
phyrins was given by Dobriner [1936], and a method more suited to small 
amounts by Rimington [1936]. The following is the scheme used in this investi- 
gation and is drawn from the last two sources. 

The urine is strained through glass wool and washings added; 0-1 vol. 
glacial acetic acid is added and the solution extracted with 1-5 vol. ether 
by shaking vigorously for 10 min. continuously. The ether phase is separ- 
ated, and extraction repeated, but this time with 0-05 vol. glacial acetic acid. 
The ether is separated, and a third extraction made with 1 vol. ether alone, 
separated and the three ether-soluble porphyrin extracts are mixed. Trouble 
may be experienced at this stage by formation of emulsions. These are best 
broken by carefully floating a few ml. of glacial acetic acid on the surface and 
leaving undisturbed for 30 min. Acetic acid is now washed out by adding 0-5 vol. 
distilled water and a quantity of saturated potassium acetate equal to one-fifth 
of the total volume of acetic acid used. This is repeated once, then followed 
twice by distilled water alone. 

The porphyrins are extracted from the ether by repeated vigorous shakings 
with 5 % HCl in distilled water. Completeness of extraction is controlled by 
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spectroscopic examination, or more easily, by fluorescence in ultraviolet light. 
A final extraction with 20 °% HCl in distilled water, afterwards diluted, may be 
essential. The 5 % HCl is neutralized to Congo red by dropwise addition of 
saturated potassium acetate together with a few drops of acetic acid. The pro- 
cess of driving the porphyrins back and forth between ether and 2 % HCl in 
distilled water is repeated twice or until a clear ruby solution is obtained. This 
solution in HCl is shaken once with chloroform and separated to remove blue 
bile pigments and protoporphyrins. The porphyrins are again transferred to 
5ml. of ether and washed with half this volume of distilled water which is 
carefully and completely separated with the aid of a small funnel as advised by 

timington. The ether is vigorously extracted with 0-5 ml. quantities of 0-5 % 
HCl until no band in the green is observed in the acid shakings and in the ether. 
It is possible to extract comple tely in 4-5 shakings. 


Isolation and identification of porphyrins as methyl esters 


The accumulated acid shakings are transferred to a small volume of ether and 
evaporated over a sand bath. To this small residue are added 5 ml. of saturated 
HCl in dry methyl alcohol, and the mixture rotated, stoppered and left 24 hr. at 
room temperature. To the 5 ml. of esterification mixture are added 5 ml. of 
chloroform and 50 ml. of ice-cold water; this is repeated with fresh chloroform to 
carry down the droplets completely and separated. The chloroform is shaken with 
2% Na,CO, until the chloroform solution shows the ‘alkaline porphyrin” 
spectrum. This solution is repeatedly washed with small amounts of distilled 
water, filtered and evaporated to dryness. In all the present cases the material 
at this stage was amorphous ; these yields were washed with hot light petroleum 
and then take nn up in 2 ml. of dried ether. To this were added 2 ml. of dried 
methyl alcohol and the volume reduced to 0-25 ml. by warming on a sand bath. 
The porphyrin esters precipitated in typical form after standing; they were 
washed free from mother liquor with methyl alcohol and allowed to dry at room 
temperature. Melting point and mixed melting point determinations with the 
methyl ester of authentic coproporphyrin III kindly supplied by Dr C. Riming- 
ton were then made on the six samples obtained. The figures obtained are shown 


in Table IV. 
Table IV. Melting points of the methyl esters of the isolated coproporphyrins 


Drug M.P.: Re-M.P. Mixed M.P. 
C. C. 
Acetanilide 142: 172 142-146 
Phenacetin 145: 168 144-145 
Phenazone 143: 170 142-144 
Amidopyrine 152: 170 142-145 
Aspirin 146: 172 143-146 
p-Aminophenol 142: 170 140-144 


Thus the excreted porphyrins have been characterized as coproporphyrin 
III by spectra, characteristic crystal form and by mixed melting point deter- 
mination. Fischer & Treibs [1926] gave for coproporphyrin I methyl ester M.-P. 
253°, and for coproporphyrin III methyl ester 142° they noted that the latter 
first melted at 142° and remelted after cooling at 172°. 


DISCUSSION 


The administration of drugs of the coal tar antipyretic group to healthy adult 
rats results in a marked porphyrinuria. These pigments belong to the series II] 
type, together with smaller amounts of series I, and therefore these experiments 
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fall into line with those of Rimington [1938] with aminobenzenesulphonamide, 
and of Schreus [1935] with salvarsan. 

The reported intoxications following the use of these drugs are all strikingly 
similar. Drugs containing the aromatic amino group are able to produce 
methaemoglobinaemia, while the incidence of granulocytopenia following 
benzenesulphonamide types must now be classified with the so-called 
idiosyncrasies of amidopyrine, acetanilide, phenacetin and the arsphenamine 
compounds. 

It is possible that p-aminophenol is the common degradation product for 
drugs containing a potential source of this compound and in some cases its 
presence has been demonstrated. This stage once reached, the oxidation-reduc- 
tion system suggested by Heubner & Schwedtke [1936] satisfactorily explains 
the production of methaemoglobin. 

Aspirin contains no amino group and is unlikely to give rise to a vigorous 
oxidation-reduction system even when repeatedly ingested. Moreover, it is not 
suspected of causing methaemoglobinaemia in clinical use. The most likely 
solution is that this drug does cause an abnormal degradation of haemoglobin, 
possibly through methaemoglobin. 

Fischer and his school.have established that blood and bile pigments are 
members of the series III isomerides. The theoretical precursor of haemoglobin 
is aetioporphyrin III. That this synthesis may involve the formation of small 
quantities of coproporphyrin series I as a by-product which is found in the urine, 
is suggested by Rimington [1936]. If this theory is correct it is clear that in- 
creased coproporphyrin I excretion must be associated with an increase, or 


derangement of normal bone-marrow haematopoiesis. Abnormal excretion of 


coproporphyrin I is found in congenital porphyrinuria, sulphonal poisoning 
and in many cases where the normal degradation products of haemoglobin 
are not removed from the blood stream, as in catarrhal jaundice, obstructive 
jaundice, haemolytic jaundice and in atrophic cirrhosis of the liver [Dobriner, 
1936]. 

The excretion of the series III isomeride has been shown in pigment cirrhosis 
and liver tumour | Dobriner, 1936]. Its presence following lead intoxication has 
been widely quoted, for example by Grotepass [1932], Fischer & Duesberg [1932], 
and Mertens [1937], and it occurs after salsarsan [Schreus, 1935]. Recently its 
presence has been noted by Rimington [1938], while the results of the present 
observations must be added to the list. 

It is improbable that normal erythrocyte breakdown would ever give rise to 
coproporphyrin III, for Lemberg [1935] considers that haemoglobin during its 
normal degradation to bile pigment is oxidized while iron and protein are still in 
combination, and thus never passes through a porphyrin stage. 

While the precise relationship between methaemoglobin and coproporphyrin 
III has yet to be experimentally demonstrated, a general hypothesis can be 
stated. Lemberg [1935] has formulated a series of reactions leading from haemins 
to “green haemins” and thence to biliverdins. This conversion provides an 
authentic model for the system responsible for the formation of bile pigment in 
the body. In this conversion the rupture of the ring system is catalysed by iron 
which is present in an unoxidized form. It seems probable that where the iron is 
already oxidized, as in methaemoglobin, it cannot play its part in this conversion. 
Degradation of haemoglobin through methaemoglobin therefore results in 
coproporphyrin IIT and not bilirubin. 


During the course of the experiments described, an increased breakdown of 


erythrocytes was taking place as shown by the progressive red cell anaemia and 
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the abnormal urobilin output. It is possible that the increased coproporphyrin I 
output implied by the photosensitization of the animals was directly due to 
haematopoiesis, stimulated by the increased degradation of haemoglobin. 


SUMMARY 

1. Acetanilide, phenacetin, phenazone, amidopyrine, aspirin and p-amino- 
phenol have been administered by stomach tube to normal healthy rats in daily 
doses which corresponded to 25 % of the average lethal dose. The animals 
developed a porphyrinuria which in some cases reached values equivalent to 
twelve times the normal. During the period of dosing the animals lost weight 
and developed a progressive red cell anaemia. A mild degree of photosensitiza- 
tion was observed in all cases. 

2. Equivalent doses of phenacetin and phenazone produce the same degree 
of porphyrinuria; amidopyrine and aspirin are twice as potent, and acetanilide 
four times, while p-aminophenol is more potent than acetanilide. These effects 
run approximately parallel with the acute toxicities of the drugs. 

3. Animals taken for histological examination at the close of the experi- 
ments showed grossly abnormal spleens. These were enlarged and slaty-black 
in colour. The sinuses were much engorged and quantities of stainable iron were 
seen. Conspicuous were large deposits of brownish, non-staining pigment in the 
pulp. 

4. A marked degree of blood-cell destruction is caused by these drugs as 
shown by the progressive anaemia and the abnormal urobilin output, but a more 
fundamental disturbance in blood-pigment metabolism is postulated to account 
for the progressive train of events which is described. 

5. The urinary porphyrins have been isolated and identified as copropor- 
phyrin III in each case. Smaller amounts of coproporphyrin I were also present. 
The significance of these findings is discussed and attention is drawn to the 
common chemical relationship of drugs known to cause coproporphyrin III 
excretion. 

6. Evidence to support the claim that p-aminophenol is the common active 
degradation product for drugs containing a phenylamine group is reviewed, and 
where the amino group is absent the view is advanced that quinol is the probable 
degradation product. 

7. Support is given to the claim that the oxidation-reduction systems set up 
by aminophenol or quinol are responsible for the oxidation of haemoglobin to 
methaemoglobin. 

8. The hypothesis is advanced that where haemoglobin is oxidized to 
methaemoglobin the normal conversion into bilirubin cannot occur but is replaced 
by degradation to coproporphyrin III. 
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LXXXVIII. METABOLISM OF STEROIDS 


I. THE ISOLATION OF 7-HYDROXYCHOLESTEROL 
AND OF THE “HEPATOLS” FROM OX LIVER 


By G. A. D. HASLEWOOD 


British Postgraduate Medical School, London 
(Received 30 March 1939) 


THE elucidation of the stages in the metabolism of the steroids clearly depends to 
a large extent upon the isolation and characterization of the intermediates in the 
processes involved. Many of the substances obtained by Reichstein, Winter- 
steiner, and Kendall and their colleagues in their work on the adrenal cortex 
must represent such intermediates; and comprehensive studies such as those of 
Marker et al. on steroid excretion products furnish essential data. Apart alto- 
gether from the search for physiologically active compounds, these experiments, 
together with a large number of more isolated observations [e.g. Marrian, 1929; 
Haslewood eé al. 1934; Butenandt & Dannenbaum, 1937; Butler & Marrian, 
1938; Burrows et al. 1937; Butenandt et al. 1937; Callow & Callow, 1938; Beall, 
1938] emphasize the need for a complete examination of every type of animal 
tissue, with the object of the identification of all steroids and related substances 
present. With this end in view a study of animal liver is being made. 

The work here described is the preliminary investigation of a large batch of 
ox liver. From the unsaponifiable portion of part of this material there has been 
isolated, as the pure dibenzoate, «-7-hydroxycholesterol (I). This compound has 
not been previously found in nature. Its dibenzoate, obtained after Ponndorf 
reduction of 7-ketocholesterol acetate [Windaus et al. 1935], is a well-known 
intermediate in the laboratory preparation of 7-dehydrocholesterol (provitamin 
D,) which has itsclf becn detected in natural sources [Windaus & Bock, 1937; 
Bock & Wetter, 1938]. 8-7-Hydroxycholesterol was obtained by Barr et al. [1936] 
by direct oxidation of the hydrogen phthalate of cholesterol. Possibly the present 
work will have a bearing on the identification of the “‘oxycholesterol” repeatedly 
stated by Lifschiitz [1906-9; 1913; 1914; 1921] to be present in animal tissues 
[cf. Rosenheim & Starling, 1937]. «-7-Hydroxycholesterol gives the colour 
reactions mentioned by Lifschiitz [1914] as characteristic of “‘oxycholesterol”’. 
Its isolation from other animal sources is being attempted. 
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From the same liver fraction there has been obtained also a mixture contain- 
ing at least two crystalline high-melting alcohols, the “‘hepatols”. These com- 
pounds are digitonin-precipitable and can be partly acetylated. They have not 
yet been completely purified and characterized, but appear to be C,, steroids 
similar to some of the adrenal cortex substances. There seems little doubt that ox 
liver will yield other products of this type. 

After suitable partition between solvents, 7-hydroxycholesterol and the 
“hepatols” were first obtained as the digitonides. Whilst’ the digitonide of the 
former sterol was readily decomposed by ‘the pyridine method [Schoenheimer & 
Dam, 1933], treatment with boiling xylene was required for decomposition of the 
“‘hepatol”’ complex. The antimony trichloride reaction described by Barr e¢ al. 
[1936] was of great value in the isolation of the hydroxycholesterol. A method 
used for the separation of “‘hepatols” from cholesterol was digitonin precipita- 
tion after treatment with excess of bromine, by which means Schoenheimer et al. 
[1930] separated dihydrocholesterol from gall-stone cholesterol. 


EXPERIMENTAL 


Optical rotations were carried out in a 0-5dm. Fischer micro-tube. All 
melting points are uncorrected. Analyses were micro-analyses by Dr A. Schoeller. 

Preparation of starting material. The starting material (supplie >d by Messrs 
Boots Ltd.) was dried liver mare, which is the residue left after liver has been extrac- 
ted with 50 % alcohol, as dese ribed in the British Pharmacopoeia [1932], p. 171. 

Extraction of marc. Powdered marc (1 kg.) was extracted with ether in a 
Soxhlet apparatus until the fresh extract was colourless. Evaporation of the 
ether gave an oily residue (approx. 200 g.). 

Saponification. 500 g. of the above ether-soluble product in alcohol (500 ml.) 
were refluxed for 2 hr. with a solution of KOH (150 g.) in water (500 ml.). The 
dark solution was diluted to about 51. and continuously extracted with ether in a 
liquid extractor until the fresh extract was colourless. Evaporation of the washed 
ether gave a crystalline orange-coloured residue (ca. 50.g.). This was dissolved in hot 
me thyl alcohol (ca. 1200 ml.) and the mixture kept at 0° for 24 hr. The crystalline 
precipitate was filtered off and washed with cold methyl] alcohol, and the filtrate 
and washings evaporated to give a reddish brown gum (10-12 g.) which was 
fraction A. 
a-7-Hydroxycholesterol dibenzoate 

20 g. of fraction A were mixed with 250 ml. of 90 % (by vol.) methyl alcohol, 
and the mixture extracted 6 times with light petroleum (ca. 11. in all, of B.P. 
40-60°). Evaporation of the petroleum gave fraction B (18 g.). The alcohol was 
evaporated and the residue (1 g.), in 70 % (by vol.) ethyl alcohol, extracted 4 
times with benzene. The benzene was evaporated, and the residue (1 g.) in 90 % 
alcohol (20 ml.) treated with a solution of digitonin (1 g.) in 90 % alcohol. Next 
day the mixture was filtered and the precipitate collected, wl with 90 % 
alcohol and ether and dried. The product (0-7 7 g.) was dissolved in dry pyridine 
(10 ml.) and the solution treated with excess of ether and filtered. The filtrate, 
washed with dil. HCl and water, was evaporated and the residue washed w ith 
light petroleum. A solution of the precipitate (0-2 g.) in dry pyridine (1 ml.) 
with benzoyl chloride (0-4 ml.) was kept 24 hr. at 0°. The diluted mixture was 
then ether-extracted and the washed ether evaporated. The residue crystallized 
from methyl alcohol with a little light petroleum; giving white needles (0-1 g.). 
After recrystallization from the same solvents the dibenzoate formed white 
needles, which, alone or mixed with authentic «-7-hydroxycholesterol dibenzoate 
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(m.P. 171-172°, [a] /;° = +96°, in chloroform) had M.P. 172-5-173-5° [a] = +95° 
(c=0-544 in chloroform). (Found: C, 80-3; H, 8-85 %. C,,H;,0, requires C, 80-6; 
H, 8-9 %.) The dibenzoate, the digitonide and the crude 7-hydroxycholesterol 
each gave an intense blue colour with antimony trichloride in chloroform. Crude 
7-hydroxycholesterol gave an intense blue-violet colour with acetic acid and 
conc. H,SO, (Lifschiitz reaction). By no means all the 7-hydroxycholesterol was 
separated from fraction A by the above method. In experiments with alumina 
column adsorption followed by benzene washing of the column, 7-hydroxy- 
cholesterol was detected only in the upper third of the column. 


Isolation of the *‘hepatols”’ 


A solution of 20 g. of fraction B in approximately 200 ml. of light petroleum 
(B.P. 40-60°) was extracted 8 times with 90 °%% methyl alcohol (1 1. in all). The 
alcohol was washed twice with small portions of light petroleum, evaporated, 
diluted and ether-extracted. Evaporation of the washed extract gave a gummy 
residue (ca. 5 g.), which was dissolved in 80 % (by vol.) alcohol and treated with 
a solution of digitonin (8 g.) in 80 % alcohol. Excess of bromine, dissolved in 
80 % alcohol, was now added, when part of the precipitate dissolved. The 
mixture (ca. 500 ml.) was kept overnight and then filtered. The precipitate, 
washed with 80 % alcohol and ether, was dried and the product (4 g.) powdered 
and refluxed for 1} hr. with purified xylene (25 ml.). The cooled mixture, diluted 
with ether, was filtered and the residue after evaporation of the filtrate kept for 
16 hr. at 0° with a mixture of 10 ml. each of ether and light petroleum. The 
insoluble material was collected, washed with ice-cold ether/light petroleum, and 
the white solid (0-6 g.) sublimed at 190-230°/0-05 mm. 

Partial purification of “‘hepatols’’. The “‘hepatol” sublimate in a little alcohol 
was heavily diluted with light petroleum and the solution kept at 0° overnight. 
White needles (0-2 g.) having M.P. 277—279° were obtained. The compound gave 
a yellow-orange colour in the Liebermann-Burchard reaction, and was precipit- 
able by digitonin from 80 % alcoholic solution. (Found (a) sample dried in 
vacuo at room temperature C, 71-2; H, 9-9 °%; (6) sample dried at 100° in vacuo 
C, 71-8; H, 97%. CH 3.0,, H,O requires C, 71-2; H, 10-8 %.) A sample was 
acetylated with pyridine (1 ml.) and acetic anhydride (1 ml.) at 100° for 15 min. 
The product, precipitated with water, was collected and recrystallized twice 
from methyl alcohol; from which it formed white needles, M.p. 229-231°. 
(Found: C, 71-2; H, 9-2%. C.,H,,0, (OCOCHS), requires C, 71-4; H, 9-6%.) 
On hydrolysis, this product gave white needles, M.p. 284-285°. A sample of 
“hepatol”’ digitonide from the brominated mother liquors gave, on decompo- 
sition, sublimation and crystallization by the above procedure, followed by a 
second sublimation, white crystals, M.P. 266°. (Found C, 67-6; H, 9-0 %.) 


SUMMARY 
Examination of the unsaponifiable fraction of ox-liver residue (aiter 50 % 
alcoholic extraction) has resulted in the isolation, for the first time from a natural 
source, of the following compounds: 
(1) «-7-Hydroxycholesterol, characterized as the dibenzoate. 
(2) At least two (partially purified) digitonin-precipitable alcohols, the 
“hepatols”’, M.P. ca. 285 and 265°. 


The author wishes to express his gratitude to Messrs Boots Pure Drug Co. 
for the gift of liver mare and to Dr A. 8. Parkes of the National Institute for 
Medical Research, who arranged for the supply of this material. 
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By MARGARET HELENA O’DWYER 
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(Received 7 March 1939) 


Previous work [O’Dwyer, 1934] has shown that the hemicellulose A of oak 
wood is a mixed polysaccharide containing anhydroxylose and uronic anhydride 
units and that the sapwood product differs from that obtained from heartwood 
in that it gives with iodine the blue colour which is characteristic of starch. It 
has since been shown [O’ Dwyer, 1937] that the blue colour reaction given by the 
sapwood product is accounted for by the presence of anhydroglucose units in the 
molecular structure and that glucose can be obtained therefrom quantitatively 
on hydrolysis with takadiastase under controlled conditions. The present com- 
munication records a further stage in the fractionation of hemicellulose A iso- 
lated from both sapwood and heartwood. 


EXPERIMENTAL 
(1) Further fractionation of hemicellulose A by takadiastase 


A series of hydrolyses by means of takadiastase at 38-40° and pH 4-5 
[O’Dwyer, 1937] was carried out (a) on hemicellulose A from sapwood after 
previous removal of its inherent anhydroglucose residues and (b) on hemi- 
cellulose A from heartwood after previous digestion with water at 100° for 24 hr. 
[O’Dwyer, 1934]. Both starting materials showed [«]7” = —97-5° (ash-free) in 
2 % NaOH (c=0-4) and they did not reduce Fehling’s solution. 2-5 g. samples 
were used as before, and the products of hydrolysis were examined after intervals 
of 46-210 hr. The percentage weight of hemicellulose dissolved at each stage is 
shown in Table I. The unhydrolysed residue in each case gave a specific rotation 
of —97-5°. It was observed that the efficiency of the takadiastase became con- 
siderably impaired after 95 hr. at 38-40° when approximately 55 % of each 
hemicellulose had been dissolved. For the succeeding stages it was accordingly 
found expedient to use a fresh supply of enzyme. 

In each case the combined residues (4-60 g.) from four separate 2-5 g. samples 
which had reached the 95 hr. stage were collected, dried and subsequently 
digested with fresh takadiastase for an additional 45 hr., making the total time 
of digestion 140 hr. After determining the loss in weight and the specific rotation 
of the residue (—97-5°) the hydrolysis was extended in stages to 185 and finally to 
210 hr., by which time approximately 94 °% of each hemicellulose had been 
dissolved. The ultimate residues included traces of insoluble matter from the 
takadiastase. 

The material brought into solution by the enzyme consisted in every case of 
(1) a soluble polysaccharide which showed |[a]7, = —51-2° (ash-free) (in water, 
c=2) and (2) a reducing sugar. Separation of the mixture was difficult and the 
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sugar fraction frequently contained some of the soluble polysaccharide together 
with traces of residual takadiastase and its specific rotation accordingly varied, 

values ranging from +10° to +17-2° being recorded. The sugar was estimated 
as glucose by the method of Lane & Eynon [1934] and identified as d-xylose in 
that the characteristic boat-shaped crystals of cadmium bromide-cadmium 
xylonate and xylose phenylosazone, M.P. 163° [Fischer & Paulus, 1935], were 
obtained. The presence of no other sugar could be detected. It is noteworthy 
that at all stages of the enzymic hydrolysis xylose and soluble polysaccharide 
were produced in the constant proportion of 3 parts by weight of the former to 
2 parts of the latter. 


Table I. Action of takadiastase on hemicellulose A from oak wood 


Loss in wt. % hemicellulose from 





c ie : 4 
Sapwood 
Time of hydrolysis (after removal of 
hr. anhydroglucose residues) Heartwood 
48 24-77 25-0 
70 37:8 36-5 
76 : 40-0 42-6 
95 55-0 54-1 
140 73°8 Not determined 
144 Not determined 74-9 
185 86-2 85:1 
193 88-0 Not determined 
210 94-3 93-7 


(2) Hydrolysis by dilute mineral acids 


In order to determine whether the results obtained with takadiastase could be 
reproduced by means of mild hydrolysis with mineral acids the following experi- 
ments were carried out on hemicellulose A of [%]%;°= —97-5°. The results have 
been calculated on an ash-free basis. 

(1) A 1-2530 g. sample, on hydrolysis with 200 ml. V/200 HNO, at 100° for 
1 hr. according to the method of Bywater et al. [1937], [ 56 %, of its - ight, 
36-65 % being accounted for as soluble polysaccharide of [«]7°=—51-2° and 
12-62°% as d-xylose. The specific rotation of the unbyarotyane residue was — 97-5 

(2) 1-4941 g. hydrolysed with 200 ml. 0-05 °% H,SO, for 1 hr. lost 58 % of its 
weight, 37-5 % being accounted for as soluble poly acini of [a]; = ~~ 51-2 
and 12-29 % as d-xylose. Neutralization of the acid was effected in this case by 
BaCO, instead of Na,CO,. The unhydrolysed residue gave, as before, [%]7 = 
—97-5°. 

(3) Hydrolysis of a 2-0 g. sample with 200 ml. 1°% H,SO, for 1 hr. at 100° 
resulted in the solution of 80 °% of the hemicellulose. 20 °{ was accounted for on 
neutralization as a Ba salt ([«]7° = +49°) and 52 % as d-xylose ([%]7)°= +18-9°). 
The Ba salt was acid to phenolphthalein and gave a positive naphthoresorcinol 
test for uronic acids and their anhydrides. A CO, estimation (6-99 %) on the Ba 
salt indicated that it was probably derived from a dixylonodimethyluronic acid 
[Sands & Gary, 1933]. The specific rotation of the unhydrolysed residue was 
—95-3° in 2 &% NaOH. 

(4) A lhr. hydrolysis with 200 ml. N/200 HNO, at 100° of 1-50 g. sapwood 
hemicellulose A of [«]°=—65° (in 2 % NaOH, c=0-4) which had previously 
been partially fractionated with water at 100 [O" Dwyer, 1937] and which gave 


the blue colour reaction with iodine, resulted in the liberation and solution of 


62 % of the starting material. The unhydrolysed residue still gave the blue 
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colour reaction with iodine and the soluble polysaccharide formed on hydrolysis 
which represented 57 % of the starting material gave a reddish purple colour 
with iodine, indicating that it probably contained partially hydrolysed anhydro- 
glucose residues. It had [«]7;°= —35° (in water, c=0-4). No sugar was isolated 
in this case. 

(5) 1 % H,SO, under the same conditions as in experiment (4) caused the 
liberation of 70 °% of a 2-0 g. sample of hemicellulose. The residue, which gave a 
green colour with iodine indicating that it still contained anhydroglucose residues, 
had a specific rotation of —80° in 2% NaOH (c=0-4). A Ba salt of [«]?°= 
+37:5° representing 20% of the starting material was obtained from the 
hydrolysate on neutralization. The hydrolysate reduced Fehling’s solution strongly 
and gave a positive naphthoresorcinol test. 35-7°% of the starting material 
was accounted for as reducing sugars estimated as glucose [Lane & Eynon, 1934]. 
The specific rotation of the sugar solution was +29° which suggests that both 
glucose and xylose were present. 


(3) Analysis of soluble polysaccharide 


The soluble polysaccharide obtained from hemicellulose A of [«]7°=—97-5 
on hydrolysis with takadiastase, V/200 HNO, and 0-05 % H,SO, respectively, 
was isolated as an impalpable white powder and purified by solution in water and 
reprecipitation with excess EtOH. The purified product gave no colour reaction 
with iodine and only induced faint reduction of Fehling’s solution. Since the 
products obtained by means of all three hydrolysing agents had the same specific 
rotation (—51-2°) they were assumed to be identical. The analysis of a combined 
sample is given in Table II. 


Table Il. Analysis of soluble polysaccharide obtained from 
hemicellulose A on hydrolysis 


Uronic 
anhydride Methoxyl Xylan 
~ —— Ash Specific 
% ash-free ¢ rotation 
17-90 3-08 81-75 0-3 — 51-2 
(in water 
c=0-5) 
Theoretical molecule consisting of 17-83 3-14 80-24 


six anhydroxyloses and one 
methylhexuronic acid [Sands & 
Gary, 1933] 


The yield of CO, obtained on hydrolysis with 12 °4 HCl was determined by 
the method described by Dickson et al. [1930] in an improved form of apparatus 
evolved at this Laboratory [Campbell et al. 1938]. Campbell et al. [1938] have 
recently found that, when this modified apparatus is used, a number of carbo- 
hydrates, including xylose, give small but significant yields of CO,, so that the 
result for uronic anhydride containing one methoxyl group (Table II) may be 
somewhat high. 

Xylan was estimated by the Tollens procedure after correcting for the 
phloroglucide arising from uronic anhydride residues by the method of Lefévre 
& Tollens [1907]. Modification of the method of these latter authors has been 
suggested by Norris & Resch [1935], but since the general question of the estima- 
tion of pentosans and related bodies in plant materials is still under investigation 
in several quarters, the original method of calculation has been adhered to in the 
present study. The methoxyl content was determined by Zeisel’s method. 
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(4) Hydrolysis of soluble polysaccharide 


4-8406 g. soluble polysaccharide of [«]‘\° = —51-2° were hydrolysed with 
200 ml. 1 % H,SO, for 3 hr. at 100°. The precipitate obtained after hydrolysis 
(0-0160 g.) was filtered off and the clear filtrate neutralized with BaCO, and 
treated as previously described [O’Dwyer, 1934]. It was found to contain 
1-65 g. of a Ba salt upon removal of which crystalline d-xylose (2-58 g.) was 
obtained as before [O’ Dwyer, 1934]. Found [«]}° = + 19-0 (in water, c=4), M.P. 
153°, and xylosazone, M.P. 163° (Fischer & Paulus, 1935). The characteristic 
boat-shaped crystals of cadmium bromide-cadmium xylonate were also obtained. 
No sugar other than d-xylose could be detected. The analysis of the Ba salt after 
purification by dissolving in water, reprecipitating with excess of alcohol and 
drying as before [O’ Dwyer, 1934] is given in Table III. The figures for the Ba 
salt are similar to those previously obtained for this substance [O’ Dwyer, 1934]. 


Table III 


Methoxyl 
Uronic Free groups per 
anhydride Ba Methoxyl aldehyde Specific uronic acid 
% % % %, rotation % 
43-10 17-1 til 6-9 + 70° 1-0 
(in water (approx.) 
c=0-4) 
Theoretical for Ba salt of 43-19 16-86 7-61 7:12 — 1-00 
xylonomethylaldobionic 
acid 


The free aldehyde groups were estimated by Cajori’s method [1922], 3 hr. 
being required for complete oxidation by iodine in alkaline solution. The per- 
centage of Ba was determined by Pregl’s micro-method. 


DISCUSSION OF RESULTS 


In conjunction with the findings of previous work the results in Table I 
afford interesting evidence which has not hitherto been adduced concerning the 
constitutional relationship which exists between hemicellulose A isolated from 
oak sapwood on the one hand and heartwood on the other. It had already been 
established [O’Dwyer, 1937] that anhydroglucose units form a definite pro- 


portion of the sapwood product and since that time the results of a number of 


experiments have convinced the author that such units are absent from the 
heartwood product. It is now observed that the complete removal of the glucose 
residues from sapwood hemicellulose A by hydrolysis with takadiastase at 


pH 4-5 is accompanied by a change in specific rotation from an initial value of 


—65° (in 2 °% NaOH) to —97-5° for the unhydrolysed residue. It is noteworthy 
that this latter value is the same as that obtained for heartwood hemicellulose A 
as ordinarily isolated. Apart from this close similarity in rotatory power there is 
further strong evidence that sapwood hemicellulose A when freed of its inherent 
glucose residues is chemically identical with the heartwood product. Taka- 
diastase under controlled conditions affects both products in precisely the same 
manner. The losses in weight (Table I) at corresponding stages of hydrolysis are 
closely comparable and the products of hydrolysis at all stages are the same. 
It is observed that, chiefly on account of its greater severity, mild acid 
hydrolysis does not afford the same degree of insight into the structure of hemi- 
cellulose A as does the enzymic hydrolysis. Part of the products of hydrolysis 


is decomposed, presumably to furfuraldehyde, by the acids, and the removal of 
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glucose residues from the sapwood product by such reagents is accompanied by 
pronounced decomposition of this type. 

It would now appear to be conclusive that the only constitutional change in 
hemicellulose A which is involved in the transformation of sapwood into heart- 
wood consists in the removal of anhydroglucose units. It is further established 
that the simplest building units which are common to hemicellulose A from both 
sources are xylose and a monomethylhexuronic acid. It is calculated that the 
recurring unit of heartwood hemicellulose A probably consists of eleven of the 
former and one of the latter. The corresponding unit of the sapwood product is 
calculated to consist of one glucose, one methylhexuronic acid and eleven xylose 
residues. 

The next step towards establishing the constitution of hemicellulose A should 
naturally consist in the determination of the nature of the linkages between the 
units which have here been identified. For instance it is of importance to 
determine whether the glucose units in the sapwood product are of the « or 8 
configuration in order to decide whether hemicellulose A is structurally related to 
starch on the one hand or cellulose on the other. The colour reaction of the sap- 
wood product with iodine, coupled with the observation that glucose is obtained 
on hydrolysis with takadiastase, tend to indicate that «-glucose residues are 
present, but it is freely admitted that this evidence is in itself insufficient to 
warrant a definite conclusion. 

SUMMARY 


1. Hemicellulose A of oak sapwood after removal of anhydroglucose residues 
by takadiastase has been found to be chemically identical with the product from 
heartwood. 

2. Prolonged hydrolysis with takadiastase results in a complete fractionation 
of hemicellulose A into a soluble polysaccharide and xylose, 2 parts by weight of 
the former being formed for every 3 parts of the latter. 

3. Mild hydrolysis of hemicellulose A by dilute mineral acids gives rise to the 
same substances as takadiastase digestion, but the yields are smaller and the 
proportions of sugar and soluble polysaccharide are not constant. 

4. The soluble polysaccharide gives rise on dilute mineral acid hydrolysis to a 
monomethylhexuronate and xylose, and its determined composition agrees with 
that of a theoretical molecule consisting of six anhydroxylose units and one 
methylhexuronic anhydride unit. 


The author wishes to thank Mr W. G. Campbell for many helpful suggestions. 
She is also indebted to Sir James Irvine for criticism of the manuscript, and to 
Mr W. A. Robertson for permission to publish these results. 
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Tuat the respiration of minced muscle is strongly inhibited by Ca++ in approxi- 
mately ‘physiological’? concentration was shown by Thunberg [1909, 1, 2], an 
observation confirmed and extended by others, including Meyerhof [1919], 
Holck [1934], Greville [1936] and Krebs & Eggleston [1938]. Ca++ inhibits the 
respiration of other tissues also, provided that they are minced or otherwise 
mechanically damaged [Warburg, 1914; Holck, 1934; Krebs & Eggleston, 1938]. 
The contrast between the effects of neutral salts on the respiration of minced 
pigeon breast-muscle and cerebral cortex slices supported the view that the 
effect of Ca++ with the former tissue is due to irreversible damage consequent 
on its penetration into the tissue [Greville, 1936]. That in minced tissues “‘Ca** 
may reach intracellular enzymes to which they normally have no access” was 
considered also by Krebs & Eggleston [1938]. 

Although it has been found that the respiration in presence of fumarate was 
strongly inhibited by Cat* [Greville, 1936], it is not certain whether this ion 
inhibits one or both of the central reactions of respiration, namely the formation 
and the removal of oxaloacetate [Annau ef al. 1935; 1936; Laki et al. 1937; 
Krebs & Johnson, 1937]. Elliott & Elliott [1939] write: ‘Banga [1935] men- 
tioned that in Ringer’s solution the reduction of oxaloacetate to malate by 
muscle suspension was inhibited. This was probably due to the Ca in her Ringer’s 
solution and her observation may help to fix the point of action of Ca.” This 
remark suggested to the present writer that some hitherto unpublished experi- 
ments made by him on this matter may be of interest. 




















EXPERIMENTAL 










Oxidation of fumarate. Following Banga [1935] the suspension of minced 
pigeon breast muscle in phosphate was shaken at 38° for 10-15 min. aerobically 
in the presence of arsenite, and then for a further 15 min. after the addition of 
fumarate. The mixture was deproteinized with trichloroacetic acid, this and 
all further operations being conducted in ice-cooled vessels. After filtration a 
weighed aliquot was brought to pH 4-5 with NaOH, using “4-5” indicator, and 
the oxaloacetic acid in it was estimated by the aniline citrate method described 
below. In this way the oxaloacetate formation was determined in the presence 
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and absence of 0-0021 M Ca*+ together with 0-0031 17 K+. A typical experiment 
was arranged as follows: 


Vessel no. aes ] 2 3 + 

Muscle 1 : 4 in 0-177.M phosphate, 1-5 1-5 1-5 1-5 
pH 7-3 (ml.) 

As,O,, 0-1M (ml.) 0-5 0-5 0-5 0-5 
Fumarate, 0-02 MW (ml.) 1-0 1-0 1-0 1-0 
CaCl,, 0-103 .M (ml.) — - 0-08 0-08 
KCl, 0-155 M (ml.) = - 0-08 0-08 
NaCl, 0-9% (ml.) 0-16 0-16 — — 
Water (ml.) 0-84 0-84 0-84 0-84 
Time of incubation after fumarate 0 15 0 15 


addition (min.) 


The results are summarized below, most of the figures giving the mean of 
duplicate observations. The “preformed” oxaloacetic acid (vessels 1 and 3) 
was never larger than 0-026 mg. In Exp. 5 the Ca++ and K+ were added with the 
fumarate; otherwise they were present from the start. It is seen that in the 
presence of Ca++ and K* the oxaloacetate formation is strongly inhibited. 


Oxaloacetic acid formed (mg.) 





i oe ae ee ee 
Exp. no. Ca, K absent Ca, K present 
1 0-43 0-06 
2 0-36 0 
3 0-11 0-03 
4 0-24 0-05 
5 0-29 0-13 


When the muscle was suspended in the NaHCO,-containing salt solution 
used by Annau e¢ al. [1935], but without the Ca, there was a good oxaloacetic 
acid formation from fumarate in the presence of arsenite. Ca*t* addition 
(0-003.M/) caused a strong inhibition, whether the flasks were filled with air, or 
with air containing 5°% CO,. 

Oxaloacetate removal. Banga’s finding, referred to above, was obtained with 
the “‘semi-quantitative’’ Simon-Piaux nitroprusside test. In the experiments 
summarized below, minced pigeon breast muscle was shaken, for 15 min. aero- 
bically at 38° in the presence and absence of Ca++ and K+ (concentrations as 
above), and then for a further 15 min. after the addition of 15 mg. neutralized 
oxaloacetic acid. Oxaloacetic acid was determined by the aniline citrate method 
before and after the second incubation. It will be seen that the oxaloacetate 
removal is inhibited by the added cations. The total amount of carbonyl com- 
pound present was also determined [Clift & Cook, 1932]; and it was found that 
at the end of the experiment ‘the amount present was greater than the residual 
amount of oxaloacetic acid. The difference was presumed to be due to the pre- 
sence of pyruvic acid [Banga & Szent-Gyérgyi, 1937], especially as the com- 


Minimum oxaloacetic 


Oxaloacetic * Pyruvic acid removal by 

Wt. of acid dis- acid” ways other than 

minced appearance formed decarboxylation, 

muscle Added (mg.) (mg.) from (1) and (2) (mg.) 

Iixp. (g-) cations (1) (2) (3) 
1 0°38 — 8-8 3-0 4-4 
Ca++, K+ 4:8 2°3 1-3 
2 0-25 = 3°3 1-3 1-3 
Cat++, K+ 2:1 1-1 0-5 
3 0-38 — 8-8 2-0 5-8 
Cat+, K+ 6-3 1-9 3-4 
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pound formed was alkali-stable [Clift & Cook, 1932]. The pyruvate formation, 
which was probably due to decarboxylation of oxaloacetate, was not greatly 
affected by the Ca++ and K+. 

Succinate formation. Straub found that in Ringer solution the aerobic dis- 
appearance of fumarate in the presence of malonate was much less than in 
phosphate: under these conditions and in the latter medium Gézsy found 
succinate formation [Annau et al. 1935]. In the two experiments summarized 
below, an inhibition of succinate formation by 0-0018 M Ca++ with 0-0028 MW K+ 
was observed. 


Time 30 min. Air. Minced muscle 1 g. 38°. Malonate 0-01./. Fumaric acid 7 mg. (neutralized). 


Succinic acid formed (mg.) 





Pe ae hare ~ 
Exp. Ca++, K+ absent Ca++, K+ present 
1-66 0-75 
2 1-88 0-92, 0-81 


The succinic acid was estimated as follows: after deproteinization with 
alcohol, the acidified solution was extracted with ether in a continuous extractor, 
the dry extract was autoclaved to remove malonate, and the succinic acid 
determined using a succinoxidase-containing dispersion obtained from pigeon 
breast muscle, which did not oxidize lactate, «-ketoglutarate or glycerophosphate 
[cf. Annau et al. 1935; Weil-Malherbe, 1937]. 


Estimation of oxaloacetic acid 


In Ostern’s [1933] method the CO, evolved when aniline reacts with oxalo- 
acetic acid is determined in the Warburg apparatus. The analysis is performed 
at 5° in order to minimize the breakdown of the acid before the addition of the 
aniline. However, at this temperature the reaction is slow, becoming complete 
in 60-90 min. Two ways have been used to increase the amount of dissolved 
aniline and hence the speed of the reaction. 

(1) Citrate method. Edson [1935] used aniline citrate in the manometric 
determination of acetoacetic acid at 25°. His technique can be applied to the 
estimation of oxaloacetic acid at 5°. The vessel is shaken for 10 min. before the 
addition of the aniline. If the solution originally contained much bicarbonate, 
the shaking should be continued for a test period of 5 min. Reaction is complete 
in 10-20 min. after addition of aniline citrate from the side-bulb. For the 
calculation of vessel constants it is necessary to know the solubility of CO, in 
the mixture in the vessel. For this «%,, was found to be 1-15. If it is necessary 
to use rather more oxaloacetic acid solution in the vessel, the value «®,,,=1-19 
should be used for the mixture 3 ml. H,O+0-4 ml. 50% citric acid +0-4 ml. 
aniline citrate solution. Duplicate determinations never differed by more than 
2-5°%. 97% purity was indicated by the method for three different oxaloacetic 
acid preparations. 

(2) Alcohol method. The bulb contains 0-2 ml. aniline previously mixed with 
0-14 ml. cone. HCl. The main part contains 1-5 ml. absolute alcohol, 0-3 ml. 
acetate buffer (0-3.V Na acetate +2-7.N acetic acid) and 0-86 ml. solution to be 
analysed. The thermo-barometer contains 0-86 ml. of water instead of solution. 
The analysis is carried out as in methed (1). The reaction is complete in 10-15 
min. at 5°. «{,,=1-21. The method gives the same results on oxaloacetic acid 
solutions as do Ostern’s method and method (1). 

Acetoacetic acid. The alcohol method does not distinguish between oxaloacetic 
and acetoacetic acids. The reaction with acetoacetic acid at 5° is complete in 
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10-15 min. (with the citrate method the reaction at 25° takes up to 70 min. 
| Edson, 1935]). With the citrate method at 5°, however, oxaloacetic acid can be 
determined in the presence of acetoacetic acid. The CO, evolution with the latter 
is slow and fairly constant for a long time, and extrapolation to zero time will 
give the amount of oxaloacetic acid with reasonable accuracy (Fig. 1). Never- 
theless it is possible that the alcohol method may also prove convenient on 
occasion. 


co, 


pl 





0 40 80 0 40 80 
Minutes Minutes 


Fig. 1. A=1 ml., A/5=0-2 ml., acetoacetic acid. O=1 ml., O/5=0-2 ml., oxaloacetic acid. 0/5, 
A/5=0-2 ml. oxaloacetic +0-2 ml. acetoacetic acid. O/5, A=0-2 ml. oxaloacetic + 1 ml. aceto- 
acetic acid. O, A/5=1 ml. oxaloacetic +0-2 ml. acetoacetic acid. (Oxaloacetic and acetoacetic 
acid solutions approx. | mg. per ml.) 


Thermostat. A simple and inexpensive device serves to keep the thermostat 
at 5°. Water is transferred to the thermostat from a bucket containing ice by 
means of a small water-circulating pump. It returns through a syphon tube. 
The pump is driven by an electric motor which is switched on and off by a relay 
controlled by a mercury-toluene regulator in the thermostat. The occasional 
addition of a lump of ice to the bucket is the only attention necessary. 


SUMMARY 


1. On the addition of Ca++ and K* in physiological salt solution concen- 
trations to a suspension of minced muscle, both the formation and the removal 
of oxaloacetic acid, and also the accumulation of succinic acid, are inhibited. 
Hence the inhibitory effect of Ca++ on the respiration of minced muscle cannot 
be localized in any particular enzymic reaction. 

2. Rapid methods are given for the manometric estimation of oxaloacetic 
acid. 


The writer wishes to thank Prof. E. C. Dodds for the interest he has taken in 
this work. 

! Elliott & Elliott [1939] have used Edson’s method at 38° in order to determine oxaloacetic 
acid. At this temperature the method does not differentiate between oxaloacetic and acetoacetic 


acids. 
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trInGER & Lusk [1910] gave glycine to a fed phlorhizinized dog and observed 
the elimination in the urine of extra glucose which they considered was derived 
from the conversion of glycine into glucose. On the other hand, by giving glycine 
or alanine intravenously to cats under chloralose, Reid [1936] showed that liver 
glycogen readily increased with alanine but not with glycine. Bach & Holmes 
[1937], using the liver slice technique, found that glycine did not increase gluconeo- 
genesis in the liver. Stohr [1938] obtained a decrease and sometimes an increase 
in liver glycogen when glycine was given to fasting rats. Results of other experi- 
ments by the author are now available. These appear to support the previous 
conclusions of the author [1936] and of Bach & Holmes [1937] that the meta- 
bolism of glycine does not follow the carbohydrate pathway. 


EXPERIMENTAL 
Non-anaesthetized animals, rats and dogs, were used in the following experi- 
ments. 
(1) EXPERIMENTS ON RATS 
Standard male white rats were used of about 150-250 g. weight. They were 
deprived of food but not of water for 24 hr. before use. They were then fed by 


Table I. Effect of giving 2-23 ml. of solutions of alanine and of glycine on the 
store of glycogen in the livers of fasted rats 


Liver glycogen as glucose 





No. of SF Blood sugar 
Exp. rats Total (mg.) % (mg. 100 ml.) 
(a) By stomach tube 
Control 11 39 0-08 78 
(1-5-7°5) (0-05-0-15) (72-88) 
Alanine 20% 15 48-2 0-84 103 
(32-95) (0-55-1-33) (98-107) 
Glycine 16-48°,, 14 2-7 0-06 104 
(2-0-3-1) (0-04-0-08) (101-108) 
Glycine 24-72% 4 3-0 0-06 os 
(2-0-3-5) (0-05-0-08) 
(6) By intraperitoneal injection 
Control 4 3-6 0-06 —_ 
(2-5-4-5) (0-05-0-07) 
Alanine 20% 8 51-4 0-83 — 
(37-80) (0-49-1-28) 
Glycine 24-72% 8 4:3 0-07 = 
(3-2-5-5) (6-06-0-08) 
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stomach tube with 2-23 ml. (volume of fluid delivered by the 2 ml. syringe with 
the piston pulled back to the stop) of one of the following solutions: (1) alanine 
20%; (2) an equimolecular solution of glycine, viz. 16-48%; (3) a solution of 
glycine, viz. 24-72 %, containing the same number of carbon atoms as the 20% 
solution of alanine. In some experiments the amino-acids were given intra- 
peritoneally. Larger volumes of these hypertonic solutions given in this way 
usually proved fatal. 

Four hr. after feeding, the rats were killed rapidly in a coal gas chamber, 
samples of mixed blood obtained from the neck blood vessels, and sugar per- 
centages determined by the method of Hagedorn & Jensen [1923]. The whole 
liver was removed and its glycogen content determined as glucose by the method 
of Good et al. [1933]. Controls were given the same volume of 3°% NaCl. The 
results are shown in Table I. 


(2) EXPERIMENTS ON DOGS 


The experiments on dogs allowed the metabolic pathways of glycine and 
alanine to be viewed from a different standpoint from that of the formation of 
glycogen in the liver. Wher carbohydrate is given to a normal fasting animal, 
the excretion of N and of inorganic S decreases, showing that the breakdown of 
protein is spared. On the other hand, when an amino-acid is fed, the increased 
metabolism associated with its disposal, i.e. its specific dynamic action, requires 
increased production of energy, which, in the case of the fasting animal, is 
furnished by increased usage of fat and protein. If the deaminated residue 
forms sugar, the breakdown of protein should be less than in the case of a non- 
sugar-forming amino-acid provided that their specific dynamic actions are of the 
same order. From the experiments on rats it appears that alanine provides asugar- 
forming deaminated residue but not glycine. Their specific dynamic actions per 
molecule are of the same order [Rapport & Beard, 1927]. Consequently, when 
the amino-acids are fed in equimolecular amounts to fasting animals, one would 
expect the breakdown of tissue protein to be less for alanine than for glycine. 

Results of observations on the N excretion in the urine after amino-acid feeding 
would be difficult to assess for obvious reasons, but the behaviour of the excretion 
of inorganic S might give information concerning the metabolic pathways 
since both amino-acids are sulphur-free. 


Methods 


Two bitches, weights 10-11 and 14-15 kg., were prepared for easy catheteri- 
zation and used throughout the experiments. The following routine was adopted 
for each experimental period. After a preliminary period of deprivation of food, 
but not of water, lasting 48 hr. followed by emptying of the bladder, the animals 
were fed with glucose, alanine, glycine or water and placed in a metabolism cage 
for 50 hr. At the end of this period the bladder was emptied and the total N 
and inorganic S excreted during the 50 hr. period determined. 

The dogs were used in the above way not oftener than once every 2 weeks. 
Weight charts were kept to ensure that their body weight remained normal 
despite repetition of the fast periods. Observations made during oestrus and 
also in the 2 or 3 weeks before and after oestrus have been excluded from the 
results because the metabolism, as judged by the excretion of N and inorganic 8, 
appears to be increased before and during oestrus. 

The results for one of the dogs are summarized in Table II. 
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Table II. Effect on the amount of inorganic S excreted during 50 hr. after feeding 
glucose, alanine, glycine or water to a bitch, weight 10-11 kg., previously fasted 
for 48 hr. 





Urine 
— — —— — —- ———_____--—_— A _ - \ 
No. of Total N (Total N) —(N fed) Inorganic S 
Substance fed exp. g. g. g. 
Water 8 4-62 4-62 0-159 
(4:3- 4-7) (0-153-0-163) 
Glucose 50 g. 8 4-02 4-02 0-140 
(3-88— 4-17) (0-134-0-145) 
' Glycine 25 g. 8 9-87 5-21 0-230 
(9-61-10-20) (4-95-5-54) (0-214-0-246) 
Alanine 30 g. 8 8-57 3°95 0-190 
(8-29- 8-78) (3-67—4-16) (0-181-0-204) 


DISCUSSION 


The experiments on rats show that alanine readily increases the store of 
glycogen in the liver whereas glycine does not do so. This finding holds good 
whether the amino-acids are absorbed through the intestinal tract or the peri- 
toneum. Since the specific dynamic action per molecule of glycine and of alanine 
is of the same order, a greater intensity of the specific dynamic action cannot 
account for the failure of glycogen deposition in the case of glycine. 

Under the standard conditions maintained in the experiments on dogs it 
has been shown that glucose decreases the excretion of inorganic S during the 
period of fasting dealt with. Both alanine and glycine increase the excretion of 
inorganic S presumably because the specific dynamic action associated with the 
disposal of these amino-acids increases the catabolism of protein. The increase, 
however, is less for alanine probably because alanine forms sugar and so saves 
partially the increased catabolism of protein which would otherwise occur during 
the specific dynamic action of the amino-acid. 


SUMMARY 


The metabolic pathways of the deaminated residues of glycine and of alanine 
have been compared indirectly by two different methods. 

Absorbed from the intestine or peritoneum, alanine readily increases the 
store of glycogen in the livers of fasting rats, whereas glycine does not do so. 

When these amino-acids are fed to fasting dogs, alanine causes a smaller 
rise in the catabolism of protein than glycine presumably because alanine but 
not glycine forms sugar and so saves protein. 

It is suggested, therefore, that the metabolic pathways of the deaminated 
residues of alanine and of glycine are different. 
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Woop & WERKMAN [1936] reported that propionic acid bacteria reduced CO, 
(obtained from CaCQ,) during the dissimilation of glycerol. They found that the 
amount of CO, present following fermentation was much less than the amount 
that had been added as CaCO,. They also found that the total organic C content 
of the fermented culture was greater than the total organic C content of the 
unfermented medium [Wood & Werkman, 1938]. These were the first reports 
concerning such an unusual metabolic reaction of the propionic acid bacteria. 
Barker [1936] and van Niel [1937] seemed reluctant to accept, without con- 
firmation, the original report regarding the propionic acid bacteria. However, 
the later evidence presented by Wood & Werkman [1938] should remove all 
doubts. 

During the course of other work upon the propionic acid bacteria an in- 
dication of CO, utilization was noted and the more carefully controlled experi- 
ments recorded here were performed. In view of the unusual nature of this 
reaction, the controversial interest accorded the first reports and the desirability, 
as suggested by Wood & Werkman, of confirmation by other laboratories, it 
seemed worth while to report these results. 


EXPERIMENTAL 
Cultures, medium and methods 


The cultures were Propionibacterium pentosaceum, P,, (van Niel’s 4 and 
Wood & Werkman’s 49 W); P. technicum, Py». (van Niel’s 22); and P. shermanii, 
P,, (Wood & Werkman’s 52 W). 

The medium contained 20 g. glycerol, 20 g. CaCO,, 500 ml. yeast water,” 
and distilled water to make 11. Equivalent amounts of sterile CaCO, were 
added to the flasks just before inoculation. A 3° inoculum of washed 48 hr. 
cells from a glucose-yeast water medium was used. Air in the system was dis- 
placed with O,-free N, immediately after inoculation. These fermentations were 
incubated at 30° for 28 days. 

The residual glycerol, following extraction from the culture medium, was 
determined by the method of Woolley (unpublished) which is a modification of 
the method of Wagenaar [1911]. CO, was determined on both the culture and 
a sterile control. The CO, produced during fermentation and that liberated by 

1 Supported in part by a grant from the Wisconsin Alumni Research Foundation. Published 
with the approval of the Director of the Wisconsin Agricultural Experiment Station. 

2 The clear extract from 200 g. pressed yeast autoclaved in 1 1. water. 
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acidification with H,PO, and removed by aeration at the end of the fermentation 
was absorbed in KOH solution. The residual KOH was titrated after the addition 
of an excess of BaCl,. The CO, utilized during the fermentation was then equi- 
valent to the CO, from the CaCO,, as determined from the control flask, minus 
the CO, from the fermentation flask. Volatile acids, propionic and acetic, were 
determined by a modified Duclaux distillation after steam distillation from an 
acidified (pH 2) aliquot of the culture. The non-volatile acids, lactic and succinic, 
were removed from the residue of the volatile acid distillation by continuous 
extraction with ethyl ether. Lactic acid was determined by the method of 
Kriedemann & Graeser [1933] and succinic acid by the following modification of 
the method of Moyle [1924]. An acidified aliquot of the residue of the volatile 
acid distillation, containing 10-75 mg. succinic acid, was extracted with ethyl 
ether for 24 hr. The extract was taken up in 30-40 ml. water containing | ml. 
95°% H,SO,, heated and 0-1N KMnO, added until a permanent brown pre- 
cipitate appeared in the boiling solution. This oxidation destroyed the lactic 
acid. The solution was evaporated to a convenient volume, cooled and extracted 
with ethyl ether for 24 hr. The extract was taken up in 15-20 ml. water and 5 ml. 
10 % AgNO, added. This solution was adjusted to pH 6-0-6-5 with 0-5.N NH,OH 
and bromocresol purple (other indicators in this range are unsatisfactory), 
filtered on a Gooch crucible, and washed with four or five 3 ml. portions of 50% 
alcohol. The precipitate was dissolved with two 10 ml. portions of hot 1:4 HNO,, 
cooled, and titrated with 0-07 N KCNS and saturated ferric alum indicator. 
Two mol. of KCNS are equivalent to one mol. of succinic acid. Recovery of 
known samples averaged 98-99 % . 
RESULTS 


The data are recorded in Table I. Uniformly the principal course of the 
reaction has been the production of propionic and succinic acids accompanied 
by small amounts of acetic and lactic acids. In each fermentation there has been 


Table I. Glycerol dissimilation by the propionic acid bacteria 


Culture No. Py Pu Ps Pis Py 

Glycerol fermented mM. per I. 205-3 212-8 183-9 186-5 92-5 
CO, utilized per 100 mM. fermented glycerol 21-40 25-6 9-22 14-36 25-41 
Products per 100 mM. fermented glycerol 

Propionic acid 75°50 70-00 87-14 90-07 66-26 

Acetic acid 2-92 8-75 0-92 0-99 5-84 

Succinic acid 23-60 23-78 9-90 13-21 25-48 

Lactic acid - 0-27 0-99 0-70 
C recovery (%) 

Basis, glycerol plus CO, 101-8 99-2 98-2 104-2 96-7 

Basis, glycerol 108-9 107-5 101-2 109-3 105-0 
Oxidation-reduction index 

Basis, glycerol plus CO, 1-04 1-02 1-04 0-95 1-05 

Basis, glycerol 1-64 1-77 1-26 1-26 1-89 


a definite utilization of CO,, a fact which may be demonstrated in several ways. 
The strongest evidence appears in the CO, determinations. In every case the 
total CO, remaining in the flask and absorber following fermentation is less than 
the amount of CO, originally added as CaCO,. In the fermentation showing 
the smallest CO, utilization the observed difference in CO, concentrations is 
some 25 times the experimental error; in other fermentations the observed CO, 
uptake is well over 100 times the experimental error. 
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Supplementary evidence is offered by the C recoveries and the oxidation- 
reduction indices. When the C recoveries are based upon glycerol alone they are 
uniformly high, for the C content of the products is greater than the C content 
of the glycerol fermented. However, when the C recoveries are based upon 
glycerol plus CO, the values approach 100%. The oxidation-reduction indices 
indicate a large excess of oxidized products when calculated upon the basis of 
glycerol alone. However, if the utilized CO,, an oxidized compound, is entered 
in these calculations, the oxidation-reduction indices approach the ideal value 
of 1-00. 

In each of these fermentations, as in most of those reported by Wood & 
Werkman, the succinic acid is, on a molar basis, approximately equal to the CO, 
utilized. 

SUMMARY 


The report of Wood & Werkman that the propionic acid bacteria utilize CO, 
during the dissimilation of glycerol has been confirmed. 
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Parsons and her fellow-workers [Mayneord & Parsons, 1937; Clarkson e¢ al. 
1938; Parsons, 1938] have reported the deposition of Fe in the lymph glands 
of mice undergoing treatment with the water-soluble carcinogenic substance 
sodium 1:2:5:6-dibenzanthracene-9:10-endo-xB-succinate [Cook, 1931]. Similar 
results were obtained in animals treated with other carcinogenic substances. 
The process involved may consist of a slow destruction of red blood cells, 
followed by storage of the liberated Fe in the lymph glands of the animal. 
Occasionally the lymph glands have the macroscopic appearance of haemo- 
lymph glands, the mesenteric lymph glands being particularly liable to this 
change. The water-soluble compounds used by Parsons and her co-workers have 
been shown to have a haemolytic action in vitro [Warren, 1939]. 

The experiments described in the present paper were carried out with a view 
to placing on a quantitative basis the histological demonstration of the accumu- 
lation of Fe in the lymph glands during the latent period before tumour formation. 
A few measurements of Fe in the lymph glands of mice bearing spontaneous 
tumours are recorded, and, in view of the interest of the results, this investigation 
is being extended. 

MetTHops 


The determination of Fe in biological material is notoriously difficult. The 
most serious error which is likely to occur is loss of Fe during ashing on account 
of the volatility of ferric chloride. It became clear at an early stage of the 
present experiments that the variation in the Fe content of the glands of mice 
which had received the same dose of carcinogenic compound was great enough 
to make it desirable to employ as many animals as possible to obtain a reliable 
mean value. The method employed had to be a reasonably rapid one, even if 
some degree of accuracy had to be sacrificed to achieve this. With this in mind, 
the method described below was adopted. Control experiments with known 
quantities of Fe were satisfactory. With the reservation that great accuracy is 
not claimed for the absolute values, there is no doubt that the results give a 
satisfactory picture of the relative Fe contents of the lymph glands. 

Stock male mice were injected thrice weekly subcutaneously in the right 
flank with 0-3 ml. of a 0-4% Yo solution of the sodium salt of 1:2:5:6-dibenzan- 
thracene-9:10-endo-xB-succinic acid (hereafter abbreviated as “*D.B.A.-mal”). 
10 mice were killed after receiving 20 doses. Further groups of 10 mice were 
killed at various dose intervals. One axillary gland from each side, one mesen- 
teric and one inguinal gland (left) were dissected entire with the surrounding 
fat. The glands were washed free from extraneous blood with saline and dried 

1 Laura de Saliceto Student, University of London. 
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roughly with filter paper. The four glands from one mouse were ashed together. 
The glands were transferred to ashing tubes (made by blowing bulbs 25-30 mm. 
diameter on 16x 150mm. pyrex test tubes). 0-5 ml. of a mixture of conc. 
HNO, (3 parts) and cone. H,SO, (1 part) was added to the glands and carefully 
evaporated. This process was repeated until no carbonaceous material remained. 
In practically all cases a total of 3 ml. of acid mixture was used. The residue after 
the final evaporation of the acid was dissolved in 2-3 ml. of water and trans- 
ferred to a 10 ml. standard flask. The Fe was estimated colorimetrically by 
measurement of the colour produced by salicylsulphonic acid in the presence of 
ammonia. To the contents of the standard flask were added in order 2 ml. 
2N NH,Cl, 2 ml. 20 % salicylsulphonic acid and 2 ml. 10% ammonia, and water 
to 10 ml. The purple colour at first developed in the acid solution changes to 
yellow or orange on the addition of the ammonia. Blank solutions were prepared 
by carrying out the evaporation of the appropriate amount of acid mixture with- 
out lymph gland and making up the solution with reagents and water to 10 ml. 

The colorimetric measurements were made on a Hilger “‘Spekker”’ Absorp- 
tiometer. The mode of operation of this instrument has been previously described 
[e.g. Callow et al. 1938]. The instrument was calibrated by means of standard 
ferric alum solution employing Ilford ‘“Spectrum Violet” filters. From Fig. 1 
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Fig. 1. Tron estimations. Calibration curve E (v) =0-0077 + 0-08496 x ug. Fet++/ml. 


it is seen that there is a straight line relationship between the measured absorption 
of violet light and the quantity of Fe present in the solution over the range of 
concentration employed. 

RESULTS 


(1) Normal mice 


Parsons has noted that it is rarely possible to demonstrate the presence of 
Fe in the lymph glands of normal untreated mice by the use of the prussian blue 
reaction. In order to have a basis for comparison with the glands of the mice 
undergoing treatment with the carcinogenic substance, the total Fe in the four 
glands (see above) of 21 normal male mice, 6 months of age (an age comparable 
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with that of the experimental mice in the later stages of the injections), was 

determined. The amounts found were all small. The maximum value in any 
mouse was 6-0 yg. and the average value approximately 3-0 wg. The indiv idual 
values are shown in Table I. The figures denote pg. Fe. 


Table I. Fe in the lymph glands of 21 untreated male mice 


20 25 20 15 50 40 30 10 3-0 1-0 
40 45 60 35 40 35 40 2-0 2- 


(Mean value 3-1) 


5 
‘0 


> bo 
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(2) Mice treated with the carcinogenic compound 


The results for 70 mice at various dose levels are given in Table II. In the 
case of those figures marked with an asterisk the animal showed signs of haemo- 
lymph gland formation and these values are not included in the averages. In 
Fig. 2 the average values are plotted against the number of doses injected before 


20 


chee 


0 10 20 30 40 50 60 doses 


Fig. 2. Total Fe in glands of mice treated with Na-1:2:5:6-dibenzanthracene- 
9:10-endo-«B-succinate. 





1-0 I+] 1-2 13 1-4 1-5 1-6 1-7 1-8 1-9 2-0 [log (no. doses)] 
Fig. 3. Fe in glands/log (no. of doses). 


Table II. Fe in the lymph glands of 70 treated male mice 


No. of doses ... 20 25 30 35 40 50 60 
Total Fe in glands 7-00 9-0 8-5 9-0 14-0 18-0 13-5 
of mouse, pug. 7-75 11-5 10-0 10-0 15-0 29-5* 13-5 
7-50 10-5 10-0 13-5 20-0* 12-5 17-0 


10-5 13-5 18-5 15-5 


3-50 16-0 10 


15-00 13-5 9-5 10-0 16-0 13-5 14-5 
7-75 10-0 12-5 8-5 13-0 16-0 14-5 
8-25 6-5 11-0 11-5 11-5 11-5 20-0 
9-00 11-0 11-0 12-0 12-0 12-5 24-5* 
8-25 10-0 16-5 10-5 16-0 15-0 14-5 
7-50 14-0 15-5 12-5 10-5 15-0 15-0 


Mean value $815 12 11d 108 135 147 15:3 
* Haemolymph gland. 
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the animal was killed. The vertical lines indicate the range of the individual 
Fe values at that dose level. 

In Fig. 3 the mean values from Table II are plotted against the logarithms of 
the number of doses injected. The seven points fall approximately on the straight 
line given by the equation: 


pg. Fet++=14-1 (log no. of doses) — 9-58. 


The broken curve shown in Fig. 2 has been calculated from this equation. 
The inflexion of the curve shown between zero and 20 doses has, of course, not 
been experimentally determined. 

During the later stages of the injections 9 mice developed sarcomas at the 
site of injection. Estimations of Fe in the four lymph glands of these animals 
gave the following values (not included in Table IT): 24-0, 13-5, 15-0, 6-5, 17-5, 
36-0, 10-5, 17-5, 16-5 (mean 17-4 yg.). 

In order to be certain that the increase in total Fe in the glands of the 
injected mice represented a true increase per unit weight of the gland tissue it 
was necessary to investigate the possibility of any considerable increase in size 
of the glands from the injected animals as compared with the glands from normal 
uninjected animals. With this in view, the glands (2 axillary and 1 inguinal) 
from 20 normal mice and 10 mice injected with 50 doses of D.B.A.-mal. were 
removed, together with their fat capsules, and immersed in Bouin’s fixative 
(saturated picric acid 75 ml., formalin 15 ml., glacial acetic acid 10 ml., urea 1 g.) 
for 24 hr. The three glands from each mouse were then shelled out, roughly 
dried and weighed. The weights in mg. of the glands from the control mice were: 
17-0, 23-0, 21-5, 50-0, 21-0, 13-0, 12-0, 17-0, 21-0, 34-0, 35-0, 18-0, 12-0, 20-5, 
29-0, 26-5, 45-0, 33-0, 18-0, 21-0 (mean 24-4 mg.). In the case of the injected 
mice the corresponding weights were: 28-0, 24:0, 28-5, 25-0, 26-5, 30-0, 24-0, 
20-0, 25-5, 32-0 (mean 26-35 mg.). The difference between the two means is ap- 
proximately 2-0 mg. and is not significant. 

In the experiments described above the mice were killed 24 hr. after the last 
injection. It seemed of interest to determine whether the increased Fe deposit 
in the glands would be removed on discontinuing the injections. For this purpose 
two groupsof mice which had received 48 and 54 doses respectively of carcinogenic 
compound were kept untreated for 3 weeks before killing. The Fe values found 
were: 8-0, 8-5, 6-5, 3-0, 11-0, 9-5, 8-5, 9-0 (mean 8-0 yg.) for the first group and 
12-5, 15-0, 13-5, 11-0, 14-0, 12-5, 7-5, 12-0 (mean 12-25 yg.) for the second. 
Comparison of these values with Fig. 2 indicates that there is some removal 
of the accumulated Fe from the glands on discontinuing the injections. In 
connexion with this question of the lability of the Fe deposits it is perhaps 
worth mentioning that the glands from the injected mice, which were treated 
with Bouin fixative in the experiment described above, gave values for the Fe 
content indistinguishable from those for normai glands. That is, Bouin’s fluid 
dissolves the abnormal deposit of Fe. 


(3) Mice bearing spontaneous tumours 


An opportunity presented itself of estimating the total Fe in the lymph 
glands of 13 mice bearing spontaneous tumours. The animals were mainly female 
mice of a high cancer strain (Little Dilute Brown) bearing spontaneous mammary 
carcinomas. The values for total Fe in the same four lymph glands were as 
follows: 14:5, 18-0, 8-5, 8-5, 11-0, 13-5, 14-0, 25-0, 8-5, 14-0, 9-0, 19-0, 11-5 
(mean 13-5 yg.). Thus the average amount of total Fe present in the lymph 
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glands of these animals is of the same order as the amount present in the glands 
of stock mice after treatment with 40 doses of the carcinogenic D.B.A.-mal. 
compound. 


Discussion 


The results obtained with the lymph glands of mice injected with D.B.A.-mal. 
are in excellent agreement with the histological findings of Parsons. Seven weeks 
after the first injection the total Fe in the glands has risen to 3 times the normal 
amount: at 12 weeks the Fe content is 4 times, and at 20 weeks 5 times the 
normal value. The Fe content increases most rapidly during the early stages 
of the injections. The rise during the interval between the 20th and 40th doses 
is approximately twice as great as the rise between the 40th and 60th doses. 
Fig. 3 indicates that the relation of dose to Fe deposition is that of a normal 
drug action. 

Evidence for the lability of the additional Fe is afforded by the fact that the 
glands of mice killed 3 weeks after the last injection show lower Fe contents 
than the glands of mice at the same dose level killed 24 hr. after the last in- 
jection. 

No proof can yet be offered that the phenomenon investigated in the present 
work has any causal relationship with the malignant growths which arise on 
continued injection of the D.B.A.-mal. compound. It must be borne in mind 
that the haemolytic and carcinogenic actions of this substance may be two en- 
tirely distinct properties. The question is, however, of some importance and the 
preliminary results on mice bearing spontaneous tumours reported in the present 
paper appear sufficiently encouraging to warrant an extended application of the 
method to cancer-susceptible strains before the appearance of malignant growth. 


SUMMARY 


Estimations of the Fe contents of the lymph glands of mice undergoing 
injection with a carcinogenic substance have been carried out. 

Increase in the total Fe content up to 5-fold the normal value has been 
demonstrated. 

Evidence of the lability of the additional Fe has been obtained. 

Preliminary experiments suggest that a similar process may occur in mice 
bearing spontaneous tumours. 


I am indebted to Dr L. D. Parsons for much help with the injections of the 
animals and dissections of the lymph glands and for her constant encouragement 
throughout the whole course of the work. It is a pleasure to express my thanks 
to the Sir Halley Stewart Trust for a Fellowship held during this work and to the 
British Empire Cancer Campaign for generous grants which have supported 
this investigation. 
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Fatty acid oxidation in tissues has been studied by measuring the oxygen up- 
take or the reaction products (acetoacetic and f-hydroxybutyric acids). The 
quantitative importance of f-oxidation cannot be ascertained in this way, as a 
fraction of the acids might undergo some other type of oxidation, such as the 
w-oxidation of Verkade & van der Lee [1934]. 

In Knoop’s classical theory the successive elimination of a two-carbon 
substance is required. This substance has been supposed to be acetic acid, but 
has never been identified. 

The tissue slice technique of Warburg has been applied to the study of this 
problem by Edson [1935, 1, 2; 1936], Jowett & Quastel [1935, 1, 2, 3], Edson & 
Leloir [1936], Mazza [1936], Cohen & Stark [1938], ete. Combining this method 
with microestimations of fatty acids we have endeavoured to obtain more 
quantitative results for the oxidation of normal fatty acids with 1-8 C atoms. 

Whereas liver slices rapidly oxidize fatty acids, ground tissue or enzyme 
preparations have never shown any such activity. For this reason it has been 
supposed that fatty acid oxidation is in some way dependent on cell structure. 
We have found it possible to prepare a cell-free liver “‘brei” which will oxidize 
butyric acid, but attempts to isolate the enzyme system have so far failed, pre- 
sumably owing to a rapid inactivation by reduction of some of the components. 


Metuops 


Flasks as described by Krebs [1933] were filled with 30 ml. NaHCoO,- 
tinger solution [Krebs, 1933] and with rat liver slices (about 200 mg. dry wt.). 
After mixing the contents thoroughly, a 12 ml. initial sample was withdrawn ; 
the flasks were then gassed with O,+5 ° CO, and shaken 2 hr. at 37-5°. 

Bicarbonate was estimated as previously described [Leloir & Muiioz, 1937]. 

Ketone bodies. Acetoacetic acid was estimated by both the manometric and 
modified Van Slyke methods as described by Edson [1935, 1]. The amount of 
NaOH given by Edson for the Rupp titration is slightly too small and may give 
rise to errors. It is better to double the amount, and then use a double quantity 
of acetic acid. 

Every estimation was carried out in duplicate, the agreement being good 
(5 %). The agreement with the manometric method was also good (difference less 
than 10 %), but only with amounts larger than 50 pl. 

Fatty acids. All the existing methods for fatty acid estimation require 
relatively large amounts of acid. In order to obtain greater accuracy and a 
shorter time of distillation we have used small volumes. Distillation was carried 
out after treating the samples with copper-lime reagent, because glucose can 
give rise to the formation of distillable acid. For estimating acids of 3 to 8 C 
atoms in the presence of acetic acid, we have taken advantage of the fact that 
the latter is not oxidized by dichromate. Interfering volatile substances were 
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eliminated by alkaline evaporation in the presence of HgO. Decanoic acid can 
also be estimated in this way, but it was not used in our experiments because of 
the insolubility of its Ca salt. 

The details of the fatty acid estimations are as follows. 

Precipitation of proteins. In experiments with liver slices the liquid can be 
directly treated with copper-lime in the amounts given by Edson [1935, 1]. For 
liver brei, proteins were precipitated with 1 ml. 10 %% ZnSO, per ml. brei and 
NaOH, the amount of which was ascertained by titrating the zinc sulphate in the 
presence of phenol red to an orange yellow. The liquid was then diluted 7 times 
and filtered. Zn cannot be used with octanoic acid as it forms an insoluble salt. 
Hg and Cu octanoates are also insoluble, but the latter redissolves on adding 
Ca(OH), and recovery is quantitative. 

Samples for acidimetric titration were directly distilled, whereas those for 
dichromate oxidation were treated as follows: 

Elimination of interfering substances. The sample (6-8 ml.) after deproteiniza- 
tion was measured into a test tube (15x 140 mm.), followed by 0-2 ml. 2-5.N 
NaOH, 0-2-0-3 g. powdered HgO (yellow) and a small piece of porous porcelain. 
It was then placed in a boiling salt water bath (105°), the test tube rack being 
suspended in such a way that the tubes were only partly immersed, so that their 
boiling could be easily controlled. 

Boiling was continued until the samples were evaporated to half volume 
(about 1-2 hr.), the liquid being then ready for distillation. HgO has also been 
used by Friedemann [1938] in order to remove aldehydes, formic, pyruvic and 
crotonic acids, ete. 

Distillation. An all glass apparatus similar to that described by Nicloux et al. 
[1934] was used. As it is very important that the rate of distillation should be 
reproducible and constant, electric heating was used, the column was covered 
with cotton wool and the flask surrounded by a wide glass tube. 

6 ml. of the sample were measured into the distillation flask, followed by 2 g. 
anhydrous Na,SO,, 1 ml. H,SO, (2 vol. cone. H,SO, to 1 vol. H,O) and a capillary 
tube to avoid bumping. Crystallization occurs before the end of the distillation 
if smaller amounts of H,SO, are used, but not under the given conditions. 
Distillation takes about 15 min. and was interrupted when 5 ml. distillate had 
collected in a 15 x 140 mm. pyrex test tube. 

Acidimetric titration. The contents of the test tube are boiled in an open flame 
for 10 sec. in the presence of a small crystal of BaCl,. This removes the CO, and 
detects the presence of H,SO,, any trace of which would cause the estimation to be 
discarded. The solution is then titrated with 0-01 VN NaOH and phenolphthalein. 

Dichromate oxidation. Oxidizing solution: 2-45 g. K,Cr,0, are dissolved in 
Ll. of conc. H,SO, (heat until white fumes appear). 10 ml. of this solution are 
sufficient for oxidizing up to 2 ml. 0-01.N hexanoic acid. For the same amount of 
octanoice acid the solution should contain double the amount of K,Cr,O;. 

To 5 ml. distillate contained in a test tube, 10 ml. of K,Cr,0,-H,SO, are 
added. The liquid is allowed to fall directly on the surface of the distillate so that 
immediate mixing occurs. A blank with distilled water is run at the same time. 
The tubes are covered with a small beaker and then immersed in a boiling water 
bath for 1 hr. The contents of the tubes are then quantitatively transferred into a 
250 ml. Erlenmeyer flask, using about 100 ml. water. After adding 1 ml. 10 % 
KI the liberated I, is titrated with 0-025. N Na,S,O,. 

Calculation. The ml. thiosulphate used in titrating the blank minus those 
used for the unknown are multiplied by 2-5 x 22-4 and divided by the oxidation 
equivalent (Table I). This gives the amount of fatty acid in yl. 
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Table I. Acidimetric and oxidimetric estimations 
of fatty acid solutions 


Titration with Titration with 
0-01 N NaOH (ml. 0-01.N Na,S,O0, (ml. ae 
Acid solution ES —- ( , i oe 4 ( Pee .. 4 ml. Na,8,0, 
ml, Direct Distilled Direct Distilled ml. NaOH 
Acetic 
1-0 0-975 0-924 -— —- _— 
1-0 0-969 0-935 — — 

2-0 1-908 1-862 - - — 
2-0 1-910 1-797 - -= — 
Propionic 
0-5 0-465 0-431 4-86 5-11 —_— 
0-5 0-461 0-424 5-04 5-08 11-9 
1-0 0-922 0-875 9-80 10-10 -- 
1-0 0-925 0-865 9-90 9-75 11-4 
2-0 1-775 1-695 19-80 19-95 —_ 
2-0 1-790 1-735 20-00 19-60 11-5 
Butyric 
0-5 0-438 0-455 8-10 8-56 — 
0-5 0-443 0-473 8-09 8-32 17-3 
1-0 0-918 0-932 15-93 16-10 -— 
1-0 0-927 0-948 15-98 15-98 17-1 
2-0 1-850 "1-859 31-50 31-80 as 
2-0 1-854 1-870 31-55 31-20 16-9 
Valeric 
0-5 — 0-461 - 11-04 — 
0-5 — 0-458 _ 10-91 23-9 
1-0 0-985 0-956 21-83 21-67 — 
1-0 0-991 0-935 21-40 21-51 22-8 
2-0 1-875 _ 42°50 — 
2-0 — 1-862 -- 42-40 23-8 
Hexanoic 
0-5 . 0-430 — 11-13 —_— 
0-5 ~ 0-454 _- 11-40 25-6 
1-0 - 0-920 — 22-65 — 
1-0 cas 0-938 22-65 24-65 
2-0 1-830 43-80 —- 
2-0 -- 1-860 — 43-20 23-6 
Heptanoic 
0-5 — 0-432 — 14:30 -- 
0-5 — 0-455 - 13-80 32-0 
1-0 0-900 - 26-30 _ 
1-0 - 0-894 - 26-70 29-5 
2-0 1-800 i 52-60 as 
2:0 — 1-760 — 51-70 29-2 
Octanoic 

0-5 — 0-413 18-0 - 

0-5 : 0-420 - 17-63 42-7 
1-0 — 0-795 - 32-9 — 
1-0 - 0-787 - 34-0 42-4 
2-0 -— 1-483 - 65-9 —_— 
2-0 — 1-438 — -— 45-0 


The results obtained by applying these methods to pure solutions are shown 
in Table I. 95 °% of the acetic acid is recovered after distillation, and recovery is 
quantitative for the other acids within the titration error. Results of the 
K,Cr,O, oxidation show errors not exceeding 10 %, which is satisfactory for 
work with liver slices. There are some differences in the oxidation equivalents, 
these errors being specially due to the acidimetric titration. With small amounts 
of acids this error becomes greater; and with higher fatty acids which are in- 
soluble in water, the formation of the Na salt takes some time and requires 
strong shaking. This explains the too high value obtained in the oxidation equiva- 
lent when 2 ml. of octanoic acid were used (Table I). 
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Formic acid. Distillation under the described conditions is not quantitative 
(about 70 %), therefore estimations with HgCl, were carried out on the samples 
after copper-lime treatment. The method was used as described by Riesser [1915] 
but with smaller amounts. In a test tube with a ground glass stopper, 5 ml. of the 
filtrate were carefully neutralized (phenol red), and 1 ml. of the HgCl, reagent 
added (HgCl, 300 g., Na acetate 300 g., NaCl 80 g., per 1.). The tubes were then 
heated in a salt water bath (105°) for 40 min. After cooling, 0-5 ml. glacial acetic 
acid, 1 ml. saturated KI and 2 ml. 0-03 NV I, were added. The tubes were shaken, 
and after complete solution of the calomel the excess I, was titrated with 0-01 NV 
Na.8,03. 

With pure solutions the results are reproducible within 10% with amounts 
ranging from 30 to 300 pl. (0-06-0-6 mg.). 

Units. Results are given in pl., the acids being considered as perfect gases at 
N.T.P.1 (22-4ul.=1 zmol.). Q represents pl. of substance formed per mg. tissue 
(dry wt.) per hr. 

EXPERIMENTAL RESULTS 


One of the difficulties in the interpretation of the results is that in the control 
there is always a spontaneous formation of ketonic acids and that it is impossible 
to know if this continues at the same rate when a substrate is added. This also 
applies to the measurements of NaHCO,. Liver slices with no substrate produce 
a decrease in NaHCO,, less than half of which is due to ketonic acids. The rest is 
not due to lactic acid or to a distillable acid. Perhaps it is due to a fixation of 
base (K) by the liver slices. 

For this reason we shall often refer to the corrected Q. This is the value 
obtained by subtracting the value of Q given by a control with no substrate. 
Measuring as we have done in every case the distillable acid, acetoacetic and 
§-hydroxybutyric acids and NaHCO,, we can get a rough idea of the formation of 
a non-distillable non-ketonic acid. 

Slices in the presence of, e.g., Na butyrate, consume the butyrate ion and 
an increase in NaHCO, occurs ; ketonic acids are formed decreasing the NaHCO,, 
and if any other acid is formed it will also decrease NaHCO,. We should then 
have: 

— Qpic. (corr.) = Quist. ac. + Uxetonic ac. + QOxn . 


Qxx would therefore represent the non-distillable non-ketonicacid. Naturally, 
as this is calculated indirectly, Qx will only be significant when its value is large. 

Formic acid. Liver slices without substrate give rise to the formation of a 
substance which is estimated as formic acid (see Table II, Nos. 1 and 2). This 
amounts to about 24ul. per ml., giving a Qrormic of 1-27 and 0-75. The method of 
estimation used is far from specific and we cannot assert that this substance is 
really formic acid. 

On adding formic acid to liver slices a small disappearance occurs: 
Vtormic= —1-1 and —0-06. Subtracting the spontaneous formation, the values 
for the disappearance (—Q) would be 2-37 and 0-81 respectively. Ketonic acid 
formation is not modified and the acid disappearance is in good agreement 
with the changes in NaHCO,: Qpic. (corrected) 2-44 and 0-65. The velocity of 
disappearance of formic acid is therefore small, and if it were formed from added 
fatty acids we should expect it to accumulate to a certain extent in the medium. 
As we shall see later, this is not the case. 


' We have continued using pl. because it is the unit used by all those who have worked with 


tissue slices, but it would be more correct to use pmol. 
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Acetic acid. Acetic acid disappears at a rate more than twice that of formic 


acid. 

The values of —Qacetic obtained by distillation and titration with NaOH 
were 5:3, 3-8 and 5-1; corresponding Qpic., 4:6, 3-5 and 4:4. Qxeto. (corrected) 
amounted to 0-8, 0-6 and 1-8. 

Calculating with these results the non-distillable, non-ketonic acid (Qxyx = 
—Qpic. —Qaist. —Qketo.) we obtain —0-1, —0-3 and —1-1. Therefore, when 
acetic acid disappears, there is no formation of any other acid except acetoacetic 
and $-hydroxybutyric. 

It is clear from these experiments that the increase in ketonic acids only 


accounts for a small fraction of the acetic acid which disappears. The amount of 


acetic acid which disappears is 6-6, 6-3 and 2-8 times greater than the ketonic 
acids formed (mol. per mol.). 

The mechanism of this reaction has been discussed by Krebs & Johnson 
[1937]. They give good evidence that the first step is a condensation of acetic 
with pyruvic acid, acetopyruvic acid being formed. The latter is then trans- 
formed into ketonic acids. 

Acetic acid increases Yo, by 2-4 units and is therefore probably oxidized. 
If the oxidation were direct, the only possible intermediary would be glycollic 
acid, which would then be oxidized to glyoxylic and this acid might give 
2 mol. of formic acid or be oxidized to oxalic acid. But this does not occur in 
liver, as is proved by the experiment in Table III in which the changes in bi- 
carbonate and ketonic acids were measured. 


Table III. Liver slices in bicarbonate Ringer 


Voie. Q keto. 
No substrate — 1-30 0-34 
Acetate 0:02 M + 2-69 1:38 
Glycollate 0-02 M — 2-92 0-19 
Oxalate 0-02 M — 1-23 0-78 


This experiment shows that the acetate ion disappears, producing an increase 
in base (Qpic.). In the presence of glycollate this increase in base does not 
occur; on the contrary there is a slight acidification which might be due to oxida- 
tion to oxalate. Oxalic acid is not oxidized, for if this were the case it would give 
two basic equiv. per mol. 

In another identical experiment formic acid was also estimated, no difference 
being found between the flask with no substrate and that with glycollic acid. 

If acetic acid disappears by condensation with another substance one would 
expect that the addition of that substance would increase the rate of disappear- 
ance. Experiments in this direction were not quite satisfactory, because our 
method was not capable of detecting very small changes. Nevertheless we have 
tried many substances (C, dicarboxylic acids, glycine, aspartic acid, insulin, 
dry thyroid, glucose, fructose, lactate, citrate, liver and yeast extracts etc.) 
without finding any appreciable increase in the rate of disappearance. 

Malonic acid inhibits acetic acid disappearance (7/50 malonate decreases the 
—Qacetic from 5:1 to 2-1). 

Propionic acid. The rate of disappearance is small (Qpropionie = — 2°22 and 
— 0-89); decrease in distillable acid, —1-80 and —0-33. Qpic. (corrected) =0-33 
and 0-23: increase in ketonic acids =0-29 and 0-27. 

As propionic acid is metabolized slowly we have not tried to determine what 
is the first reaction product. 








cence eamearmmmanittineemmmmmmsias 





FATTY ACID OXIDATION 741 


Butyric acid. Of all the acids studied butyric is oxidized most rapidly 
(—Qputyric = 9-8, 9-7 and 7-7, Table IL). The corresponding values of Qxeto. were 
6-9, 8-6 and 8-2. Therefore 70, 89 and 106 % of the butyric acid was transformed 
into ketonic acids. 

The values of Qpic. (corrected) were 0-5, 0 and 0-9. This shows that only a 
small amount is totally oxidized (5, 0 and 12 % respectively). 

Valeric acid. Experiments with valeric acid (Nos. 11 and 12, Table II) gave 
the following results: Qvaleric= — 2°03 and —2-25. Qaist. ac.= —1-40 and — 1-86. 
Ypic. (corrected)=+0-:2 and —0-40. Qketo (corrected)=0-11 and 0-8. The 
difference between the values obtained by titration with NaOH and by oxidation 
are too small to be significant. The amount of non-distillable non-ketonic acid 
would be 1-09 and 1-46; values to which no importance can be given owing to the 
indirect way in which they are calculated. 

Hexanoic. The rate of disappearance of hexanoic acid, as measured by the 
oxidation method, was —Qhexanoie=7:55, 5-8 and 4-77; and as measured by 
distillation and titration with NaOH: — Qaist. ac.=6-28, 4:8 and 4-97. The 
difference between these values (1-27, 1-0 and 0) is attributed to a small accumu- 
lation of acetic acid. 

If we suppose that each molecule of hexanoic gives rise to one of ketonic 
acid and one of acetic, the Qxetonic ac. Should be equal to the Qhexanoie plus the 
amount of ketonic acids which are formed from acetic acid. 

The values found for the Qxetonic ac. (corrected) were 9-28, 6-4 and 5-83. 
They are larger than the QYhexanoic, the excess being: 1-7, 0-6 and 1-06. These 
values are of the order of those found for acetic acid which can increase the 
Qketonic ac. by 1 or 2 units. Moreover, the amount of acetic acid formed should 
be equal to the —Qhexanoic- Of this, part accumulates in the medium (1-27, 1-0 
and 0) and the rest (6-28, 4:8 and 4:97) would disappear. The latter values are of 
the order of those found for the disappearance of added acetic acid. 

The values of — Qpic. (corrected) were 2-89, 1-46 and 0-80. From these we can 
calculate the non-distillable non-ketonic acid (— 0-11, —0-14 and —0-06). These 
small values not only show that no fixed acid is formed but also that there is a 
good agreement between the different methods of estimation. 

Heptanoic (Exps. 15 & 16, Table II). Values obtained for the disappearance of 
heptanoic were —Qheptanoic=2°81 and 3-1; —Qaist. ac.=1-86 and 0-78. The 
difference between these values (0-95 and 2-32) would indicate the accumulation 
of a distillable acid which is not oxidized with dichromate (acetic). 

The increases in the Qketonic ac. Were 0-38 and 0-65. The Qpic. (corrected) 
= +0-60 and — 1-23. The non-distillable non-ketonic acid would be 0-88 and 1-36. 
All these results may be interpreted by the classical 6-oxidation: 2 mol. acetic 
acid and 1 mol. propionic acid being formed from each mol. of heptanoic 
acid. 

The lanthanum reaction, using the technique described for octanoic acid, was 
carried out in three experiments. The final sample of the flask containing slices 
and heptanoic acid gave a positive reaction. The reaction loses in this case some 
of its value because the positive result could be due to propionic acid. 

Octanoic acid. This acid disappears at a greater rate than any of the odd 
numbered acids. — Qoctanoic = 6-4, 7-1, 6-9 and 5-4. The corresponding Qketonic ac. 
(corrected) =7-7, 12, 8-9 and 8-2. Therefore each mol. octanoic acid gives rise to 
1-2, 1-7, 1-3 and 1-5 mol. ketonic acid (Exps. 18, 19, 20 and 21, Table II). 

The amount of acetic acid formed would be (Qacetie=Qoctanoie — Qaist. ac.) 
1-9, 2-3, 2-6 and 1-7. The Qpic. values (corrected) were: —2-9, —4:7, —3-6 and 
—3°6. 
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The calculation of the amount of non-distillable non-ketonic acid gives 
negative values (—0-3, —2-5, —1-0 and —0-9). 

According to the classical B-oxidation each mol. octanoic acid should give 
one of ketonic acid and two of acetic. Therefore Qxetonic Should be equal to the 
—Qoctanoic and double this amount of acetic should be formed. But in our 
experiments the Qketonic ac. exceeds the Qoctanoic by 1-3, 4:9, 2-0 and 2-8. Some 
of these values are considerably greater than the amount of ketonic acids that 
arise from acetic acid and cannot be attributed to experimental errors as every 
estimation was carried out in duplicate. Moreover, the amount of acetic acid 
formed should be double the — Qoctanoie, that is 12:8, 14-2, 13-8 and 10-8; of this a 
part (Q=about 2) accumulates in the medium and the rest should disappear. 
But we have seen that acetic disappears at most at a rate of Q=4-6. If we 
suppose that each mol. of octanoic acid is split into two of ketonic acid the 
QYxetonic Should be double the Qoctanoic and this does not explain the experi- 
mental results. 

We may then suppose that octanoic acid can be oxidized by both mechanisms, 
a fraction (a) would give 2 mol. ketonic acid, and the rest (6) would give 1 mol. 
ketonic acid and 2 mol. acetic acid. 

To test this hypothesis we carried out another set of experiments (Nos. 22, 2: 
and 24) in which acetate was added to the control, enabling us to ascertain for 
the liver specimen how much acetate disappears and the amount of ketonic acids 
which are formed from it. 

The amount of octanoic acid which is oxidized by the mechanisms (a) and (5) 
is calculated as follows: Qoctanoic=@+6 (1). The amount of ketonic acids formed 
will be (II) 2a+6+ Qxetonic (control) (this represents the amount formed spon- 
taneously and from acetic acid). 

teplacing in (II) the value of (5) in (I) we obtain: 





a= Qxetonic — Yoctanoic — Yketonic (control). 
On applying this equation to the experimental results we obtain the values 


given in Table IV. 
Table IV 


b 
a Qostanaic a b — Qoctanoic 
4-34 1:07 3:27 0-75 
4-64 1-85 2-79 0-60 
4-72 2-07 2-65 0-56 


We can now calculate the amount (26) of acetic acid formed from octanoic 
acid. We know by experiment how much acetic acid accumulates and we also 
know the rate at which acetic acid disappears in that liver (from the control). 
We can then compare the values for acetic acid formation calculated from the 
VYoctanoie and the Qketonie With the values obtained from the accumulated acetic 
acid: (Qaist. ac. — Qoctanoic) plus the acetic acid which disappears in the control. 

The — Qacetic of the control =6-69, 4-64 and 4-81. Accumulated acetic = 1-83, 
1-15 and 2-10. The sum of these values would be the acetic acid formed from 
octanoic = 8-5, 5-7 and 6-9 (cale. values (26) =6-5, 5-6 and 5-3). The agreement is 
good if we consider that the acetic acid formed is calculated in an indirect way. 

Acetic acid formation from octanoic acid. In the experiments with octanoic 
acid we have found a difference of 1 or 2 units in the @ as measured by oxidation 
and as measured by titration with NaOH. This we have attributed to an accumu- 


lation of acetic acid. These results may also be attributed to the formation of 


acids with less C atoms (formic, butyric or hexanoic). 
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Formic acid formation is excluded because estimations showed no difference 
between slices with and without octanoic acid. Butyric acid disappears faster 
than octanoic so that its accumulation is not probable. 

Lanthanum reaction. In order to confirm the fact that acetic acid is really 
formed we have used the lanthanum reaction. Acetic acid does not give the 
lanthanum reaction in the presence of octanoic acid, which must be removed 
as its less soluble Ag salt before carrying out the test. 

The liquid to be examined was treated with copper-lime, the alkaline filtrate 
was evaporated to dryness in a water bath; the residue was extracted with hot 
water (6 ml.) and distilled. The distillate (5 ml.) was carefully neutralized, solid 
Ag,SO, added and the solution was boiled and then cooled to —2° and filtered. 
The filtrate was distilled and the lanthanum reaction [Kriiger & Tschirch, 1930] 
applied to the distillate. 

As in all the experiments, liver slices (200 mg. dry wt.) were suspended in 
30 ml. of NaHCO,-Ringer in two flasks. One of them contained octanoate 
(0-01.17) and the other no substrate. An initial sample of 12 ml. was withdrawn 
from each and the rest left 2 hr. at 37°. Of these four samples treated in the same 
manner only one gave a positive lanthanum reaction. This corresponded to the 
final sample of the flask with octanoate. 

That acetic acid responsible for the positive lanthanum reaction does not 
arise from the action of alkali on acetoacetic acid was proved by adding f- 
hydroxybutyric acid to some of the controls. Although a considerable formation 
of acetoacetic acid occurred, the La reaction was always negative. 

OXIDATION OF BUTYRIC ACID IN A CELL-FREE “‘BREI”’ 

Preparation of the “‘brei”’. We have used a similar procedure to that described 
by Potter & Elvehjem [1936]. A bulb is blown at the end of a capillary tube in 
such a way that it fits with less than 0-3 mm. clearance in a strong test tube 
(16 x 150 mm. or 22 x 200 mm. according to the amount of tissue). The liver of 
one or two recently killed rats is weighed, cut in small portions with scissors and 
put in the test tube which already contains the cooled alkaline buffer (31 g. 
Na,HPO,, 2H,0+8 g. KCl per I.; 1-53 ml. per g. liver). With the test tube in a 
freezing mixture, the piston is introduced and worked up and down energetically. 
When the contents are frozen the operation is continued out of the freezing 
mixture. After thawing, the tube is again put in the freezing mixture. The pro- 
cedure is continued for 10 min., 0-5. KH,PO, (0-87 ml. per 10 ml. of alkaline 
buffer) is added and the liquid is filtered through muslin. During all these 
manipulations the contents of the tube are aerated with O,. 

Microscopical examination! of the “‘brei”’ so obtained shows the absence of 
liver cells, only some nuclei and white and red blood cells being visible. (Blood 
has no oxidative activity.) The resulting pH is optimal for the preparation, 
addition of small amounts of acid or alkaline buffer decreasing the activity. 

Activity measurements can only be made by estimating butyric acid. The O, 
uptake without added substrate is so great that it cannot be used to determine 
the rate of butyric acid oxidation. 

Butyric acid added to this “brei” at 25° in O, disappears. That this dis- 
appearance is due to oxidation is proved by estimation of acetoacetic and 
6-hydroxybutyric acids. The “brei” is rapidly inactivated in absence of O, : it is 
sufficient to leave it in a test tube at room temperature for 15-30 min. without 
bubbling O, through it, in order to obtain complete inactivation. 


! We are indebted to Dr Porto for the microscopical study of our preparations. 


siochem. 1939 xxXIII 47 
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Succinic, fumaric, malic and citric acids added to the “brei”’ increase the 
disappearance of butyric acid but exert no action once the “brei” has been 
inactivated by anaerobiosis. 


Table V. Cell-free liver “bret” 7 ml. (about 700 mg. dry wt.). 2 hr. at 25°. Gas O» 


Aceto- Total 
acetic B-Hydroxy- ketonic f : 
Butyric A acid butyric acid Ketonic 
pl. pl. pl. acid pl. Butyric 
Butyrate added 3029 — — — — 
“* Brei’’ + butyrate 2370 — 742 788 420 +796 1:07 
an +no substrate 83 - 137 412 — _ 
+ butyrate+fumarate 2159 — 924 125 835 + 640 0-69 
os +fumarate (0-01) 74 — 5 195 — reas 


In Table V we give the results of one of three exp. with fumaric acid. It 
shows that the “brei” with no substrate forms a certain amount of ketonic acids. 
When butyric is added it disappears and there is a corresponding increase in 
total ketonic acids. When both butyric and fumaric acids are added more 
butyric disappears (sometimes 50 °% or more), but the ketonic acid formation 

total ketonic 


does not increase so much. With butyric acid alone the relation butyric aaa “2% 
. 2 TIC ACC 
1-07 and when fumaric was also present it was only 0-69. 
Moreover, when fumaric is present more of the ketonic acid appears in the 
B-hydroxybutyric 


reduced state. The relation ~ is 0-5 with butyric acid alone and 


acetoacetic 


5-3 when fumaric acid is also present. 


Discussion 

The methods described are suitable for the type of experiments for which we 
have used them, and with slight modifications might be useful for other purposes. 
They are good for acids with 3-8 C atoms, the oxidation with dichromate being 
more accurate than acidimetric titration. One important point is that acetic 
acid does not interfere in the oxidation method. 

Measurements of the rate of disappearance of saturated fatty acids show a net 
difference between the odd and even series. This difference is also observed in the 
ketogenesis, but is not clear from measurements of O, uptake: the increases in 
Qo, [data of Edson, 1935, 1] being C,, 1-1; C,, 3-8; Cs, 0-6; C,, 4-0; C,;, 2-1; 
C,, 1:7; C,, 2-4; Cg, 13. By measurement of the disappearance of the acids we 
have obtained C,, 1-5; C,, 5; Cg, 2; C,, 9; C,, 2; Cy, 6; C,, 3; Cg, 6. 

Formic acid is presumably oxidized completely to CO, and H,O. Liver slices 
without any added substrate give rise to a small amount of a substance which 
is estimated as formic acid (as was observed in liver perfusion by Toenniessen 
& Brinkmann [1938]). Owing to the lack of specificity of the method we have used 
we cannot be sure if it is in fact formic acid. The formation of this substance does 
not increase in the presence of octanoate. 

Acetic acid disappears at a much higher rate and, as bicarbonate increases 
proportionally, we may deduce that no other acid accumulates. Oxalic and 
glycollic acids do not give an increase in base; therefore they cannot be inter- 
mediaries in the disappearance ; formic acid can also be excluded as its oxidation 


is too slow. 

The amount of ketonic acids formed from acetic acid only accounts for about 
20 % of that disappearing (mol. per mol.). We have not been able to find out 
how the rest of the acetic acid is metabolized. If it were by condensation with 


Ne 
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another substance we might expect an increased disappearance on adding that 
substance but this was not observed in our experiments. The fact that there is an 
increase in O, uptake with acetic acid indicates that a part of it is oxidized, 
although probably not directly. 

The rate of disappearance of propionic acid is low and therefore we have not 
tried to find out how it is oxidized. 

3utyric is the acid which is most rapidly oxidized by the liver. Most of it 
(80 or 90 %) is B-oxidized, but we cannot completely dismiss the possibility of a 
very small fraction undergoing some other type of change. 

Valeric disappears at about the same rate as propionic acid. The small 
increase in ketonic acid formation already observed by Edson [1935,1] and Jowett 
& Quastel [1935, 2] might arise from the acetic acid formed. Results obtained with 
hexanoic and heptanoic acids can be quite well interpreted by 8-oxidation. 

With octanoic acid, results are rather more complicated. This acid gives more 
acetoacetic + 8-hydroxybutyric than is required by a successive B-oxidation, but 
not enough to account for the molecule breaking up into two 4 carbon units. If 
we suppose that a fraction of octanoic acid follows each of these possibilities, the 
experimental results can be well interpreted. 

This type of oxidation of fatty acids has previously been suggested by 
Jowett & Quastel [1935, 2], although the theory was supported by somewhat 
indirect evidence. According to Jowett & Quastel the fatty acid mglecule (e.g. 


octanoic) would undergo a simultaneous oxidation at the 2--and-4—-C-atems.3 
< 


The triketo-acid formed, which might only exist in combination with the enzyme, 
can then break down, giving 2 mol. acetoacetic or 1 mol. of acetoacetic and 2 mol. 
of acetic acid. This interesting hypothesis explains satisfactorily the results we 
have obtained. In our experiments about 30 % of the octanoic acid would be 
split into 2 mol. acetoacetic. Moreover, Butts ef al. [1935] and Deuel ef al. 
[1936] have found that feeding rats with measured amounts of the salts or the 
ethyl esters of hexanoic to tetradecanoic acids leads to the elimination of twice 
the expected amount of ketonic acids. 

When octanoic acid is oxidized by liver slices, a certain amount of acetic acid 
accumulates. This was ascertained by estimation and by the lanthanum reaction. 

Attempts to isolate the enzyme system which oxidizes butyric acid have 
failed. Precipitates obtained with acetone, ammonium sulphate and acetic acid 
are inactive and are not activated by adding “‘kochsaft” or “* brei” from liver or 
muscle. As the inactivation is presumably due to a reduction by the substrates 
present in the liver, we have also investigated if the presence of oxidants would 
activate the preparation. However, H,O,, ferricyanide, iodate, quinone etc., all 
acted as inhibitors, and in fact nearly everything tried acted as an inhibitor. 

The activating effect of dicarboxylic acids on the “brei” is difficult to under- 
stand. Szent-Gyérgyi [1937] has observed a similar action on the O, uptake of 
pigeon muscle “*brei”, fumarate acting as an activator but having no action if 
added after a certain time. 

The anaerobic inactivation of the “ brei” appears in our case to be the inverse 
of what isknown tooccur with other enzymes. Thus papain, cathepsin and succinic 
dehydrogenase [Hopkins e¢ al. 1938] are inactivated by mild oxidizing agents. 


SUMMARY 


A micromethod for the estimation of fatty acids by distillation and oxidation 
with dichromate is described. 
The action of liver slices on normal fatty acids with 1-8 C atoms was studied. 
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The rates of disappearance (—Q) of the different acids are: formic 1-5; acetic, 
5; propionic, 2; butyric, 9; valeric, 2; hexanoic, 6; heptanoic, 3; octanoic, 6. 

Glycollic and oxalic acids are not intermediaries in acetic acid disappearance. 
The ketonic acids formed only account for about 20 °% of the acetic acid con- 
sumed. Butyric acid is almost completely (80-90 °%) oxidized in the B-position. 

Hexanoic and heptanoic acids also seem to follow classical B-oxidation. 

Octanoic acid appears to be oxidized, a part giving 2 mol. of ketonic acid and 
another part giving 2 mol. of acetic and 1 mol. of ketonic acid. Acetic acid was 
identified by the lanthanum reaction. 

Butyric acid oxidation can be obtained in a cell-free liver “brei”. This 
preparation is rapidly inactivated, especially under anaerobic conditions. 

C, dicarboxylic acids appear to exert an activating action on the “brei”. They 
decrease the amount of total ketonic acids formed and increase the reduction of 
acetoacetic acid. 


We wish to thank Prof. B. A. Houssay for his interest and advice in our work 
and Dr M. Dixon for kindly correcting the proofs. 
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VENULET [1934] was the first to observe that NH, administered orally renders 
the blood system actually more acid. The researches of Venulet et al. [1936] 
showed that there was a fall in the alkali reserve of the blood after oral and intra- 
venous administration of NH,. These researches established a hitherto unex- 
pected influence of added NH, on the chemical composition of the blood in the 
living subject. 

Keith & Whelan [1926] administered 100 g. of NH,Cl intravenously to dogs, 
and after 2 hr. could find no changes in the ammoniacal nitrogen (NH,-N) in the 
blood. The amount of urea present simultaneously increased considerably. The 
removal of the liver was not followed by any increase in the quantity in the blood. 
In disagreement with these authors, Sasaki Takema [1936] observed an increase 
in the blood NH, of dogs after intravenous injections of NH,Cl. 

Pugsley & Anderson [1934] reported enhanced diuresis and a higher blood 
Ca content in rats after the oral administration of 250 mg. of NH,Cl. 

Alwall et al. [1936] noticed that the introduction of NH, into the stomach of 
rabbits evokes strong acidification but that introduction into the duodenum has 
absolutely no influence on the alkali reserve of the blood. As in both experi- 
ments marked symptoms of poisoning appeared, there can be no doubt that the 
NH, undergoes absorption. The acidifying action of NH, when introduced into 
the stomach is explained by the authors thus: the NH, is neutralized in the 
stomach and enters the blood in the form of NH,Cl. These workers hence confirm 
the critical remarks of Parnas [1927] with regard to Venulet’s paper that the 
effect of the acidifying action of NH, orally is really due to the working of the 
stomach. 

Lazzaro [1934] reported enhanced blood NH, in some diseases, such as hepatic 
cirrhosis, acute yellow atrophy of the liver, asthm: a, and pulmonary tuberculosis. 

Galloro [1932] noted an increase in blood NH, in a state of exhaustion, starva- 
tion and after intravenous injections of ovalbumin. Glucose administered orally 
to the extent of 1 g. per kg. live-weight prevents the increase in blood NH, caused 
by fatigue. 

The object of the present work was to investigate the influence of oral ad- 
ministration of ammonium salts (NH,Cl) and of ammonia on blood NH, and 
urea. 

METHODS 


The procedure of determining blood NH, has a long history behind it. After 
Nencki & Zaleski’s first experiments [1901] many other increasingly precise 
methods were published. As this progress was achieved, it was found that the 
values of NH, found in the blood declined steadily. We have, in our experiments, 
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applied the method of determining blood ammonia elaborated by Conway 
[1935]. 

Urea was determined by the method of Conway [1933], and the normal blood 
urea content of canine blood was found to vary between 10 and 15 mg./100 ml. 


EXPERIMENTAL 


All the experiments were made on large dogs weighing from 18 to 22 kg. 
After determining the normal curve of NH, formation, the animals were given a 
solution of ammonium chloride containing 0-5 g. NH,Cl per kg. live- weight. 
Samples of blood were taken 15 min. after the oral oiminiatentions of the NH,Cl, 
i then after 30, 45, 60, 75, 90 min. and so on. After each collection of blood, 
the curve of NH, Lands was constructed by making a number of determina- 
tions within 10 min. after the blood was shed. The blood urea content was 
determined simultaneously. In this way experiments were carried out on four 
dogs (A, B, C, D), after administering NH,Cl and also on three dogs (F, G, H), in 
which ammonium hydroxide was substituted for the chloride (4 ml. of 10 % 
NH,OH in 40 ml. water). The blood was collected from a neck vein through a 
thick hypodermic needle direct into a paraffined Erlenmeyer flask containing 
potassium oxalate. : 

RESULTS 
Ammonia content of normal canine blood 


Fig. 1 shows that, as in man [Conway, 1935] and rabbit [Conway & Cooke, 
1938], the NH, content of the circulating blood of the dog is either zero or below 
the analytionl level. In canine blood we have the same characteristic rise 


NH;,-N in pg./100 ml. 





10 


~ 
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0 2 3 4 5 6 


Time in min. 


Fig. 1. Ammonia content of canine blood after shedding. ———- Dog A. — Dog B. 
Dog C. —-— Dog D. 


immediately after shedding and ending within 5 min., the NH, being then formed 


very slowly. The curve of this NH, formation, extrapolated to zero time after 


shedding, passes through the origin. The only difference between the canine and 


human blood, with respect to NH, content and formation, is that the NH, 


content of the former is somewhat higher at the fifth minute, being 50-70 pg. 
NH,-N/100 ml. instead of 40-50 yg./100 ml. for the latter. 
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Ammonia content of canine blood after oral administration of NH,C1 (0-5 g./kg.) 


The results for the four dogs are summarized in Table I. The table gives the 
mean values of the blood NH, at regular 15 min. periods after administration. 
The blood NH, figures refer to the analyses conducted immediately after shed- 
ding, and after 5 and 10 min. respectively. For the 60 min. period after adminis- 
tration, observations for only 3 animals (B, C, D), were available. 


Table I 
Observed formation of 
Time after Mean blood NH, content (ug. N/100 ml.) NH, in shed blood 
adminis- analysed after shedding pg. N/100 ml. 
tration of .—— $$ $A __________— ————_ —__A—_________ 
NH,Cl, min. Immediately after 5 min. after 10min. after After 5 min. After 10 mia. 


0 11-9 (0-7) 55:1 59-8 43-2 47-9 
15 1013-0 (0-6) 1132 1107 119 94 
30 605-0 (0-9) 749 627 144 22 
45 296-0 (1-0) 320 319 24 23 
60 64-0 (1-0) 114 151 50 87 
75 48-0 (0-9) 79 82 31 34 
90 8-0 (0-8) 43 48 35 40 


The bracketed figures give the mean time in minutes after shedding. 


The peak of the rise in blood NH, must occur at some time less than 15 min., 
at which time there is a mean value of 1013 ug. NH;-N/100 ml., as determined 
0-6 min. after shedding. 90 min. after administration the blood NH, content has 
again returned to zero. 


The “‘alpha”’ rise at high blood ammonia concentrations 


The immediate rise in the blood ammonia content after shedding and termi- 
nating within 5 min. has been termed the “‘alpha” ammonia [Conway & Cooke, 
1938], to distinguish it from other phases in the curve of NH, formation. The 
present experiments give an opportunity of finding how this formation is in- 
fluenced by high initial blood NH, concentrations. Table I again summarizes the 
necessary data, the last two columns giving the increase at the 5 and 10 min. 
periods over the concentrations obtained immediately after shedding. It appears 
from the table that such an increase in the blood NH, occurs at all levels—as 
judged from the mean values—and that it comes to an end after 5 min. The 
amount of this formation is not influenced in any definite way by the initial 
height of the blood NH,. As seen from the last column of Table [ it varies as the 
blood NH, changes but in no definite relation thereto. At the highest concentra- 
tions observed the experimental error alone will cause marked variations. At 





Table II. Blood collected 15 min. after oral administration of NH,Cl 


Time range Blood NH, content as pg. N/100 ml. 
after shedding ——_—<—$_$$ A _ . 
min. Dog A Dog B Dog C Dog D 
Od --- 676-5 952-8 
0-75 1498 — -— 923-8 
1-1 = 550-2 -- - 
1-5 - _ — 826-0 
2-0 1305 559-2 1206-9 — 
2°5 - _ 859-2 
3-0 1205 - - — 
3°5 - - 1302-0 1038-2 
4-0 1246 523-2 - - 
5-0 1498 506-2 1427-7 1096-8 
75 + - 988-6 
10-0 1426 676-5 1336-6 — 
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these highest levels also, there appears to be a greater fluctuation in the blood 
NH, in the 10 min. period after shedding than can be attributed to analytical 
errors. Table II illustrates this. In the blood from two animals there is actually 
a decrease over the first 5 min., and for one blood an unduly large increase. That 
such effects cannot be altogether attributed to analytical errors—which will here 


no doubt play some part—is shown by the close agreement or uniform change of 


the results in Table III, for blood samples taken 45 min. after NH,Cl administra- 
tion. 
Table III. Blood collected 45 min. after oral administration of NH,CIl 


Time range Blood NH, content (wg. N/100 ml.) 

after shedding — $d 
min. Dog A Dog B Dog C Dog D 

0-5 a -- 274-3 — 
0-75 — = -= 297-4 
1-25 = 282-4 —- 311-8 

1-5 331-2 —- 289-0 — 

1-75 oa 289-1 — — 
2-25 — 294-0 - 326-0 

2-5 328-8 291-6 = 

3-0 326-4 302-1 - a 

3°5 — — 300-2 329-1 

4-5 — + 306-9 306-0 343-4 
5-0 316-8 309-3 308-8 345-3 
10-0 310-8 309-3 311-8 345°3 


Ammonia content of blood after oral administration of NH,OH 


Here the data from three dogs (IF, G, H) are available. These indicate a rather 
marked difference from the figures after NH,Cl administration. The blood NH, 
falls with great rapidity, so that—as shown in Table IV (vide also Fig. 3)—it 
returns to normal level 45 min. afterwards. Within the interval of 15-45 min. it 
has fallen from about 300g. NH ;-N/100 ml. to zero. 


Table IV 


Observed formation of 
Mean blood NH, content (ug. N/100 ml.) NH, in shed blood 
Time after analysed after shedding pg. N/100 ml. 

administration §=—-——— - 2 a —_*-__ — 
of NH,OH Immediately 5 min. 10 min. After After 
min. after after after 5 min. 10 min. 

0 9-9 (9-8) 63-6 66-3 53-7 56-4 

15 305-4 (0-6) 365-6 367-0 60-2 61-6 

30 199-5 (0-8) 266-1 267-7 66-6 68-2 

45 3:2 (1-0) 56°7 58°8 d3°5 55-6 


The bracketed figures give the mean time in minutes after shedding. 


The blood urea content after oral administration of NH,Cl and NH,OH 


Blood urea analyses were carried out for the same dogs and in the same 
experiments summarized in Tables I and [V. The data are given in Tables V and 
VI. In Figs. 2 and 3 the mean blood urea changes are compared with those of the 
blood NH, after NH,Cl and NH,OH administration. To facilitate the graphical 
comparison, the blood urea-N in Fig. 2 is given in units 10 times greater than that 
of the blood NHsg. 

It is clear from Tables V and VI and Figs. 2 and 3 that a marked increase of 
the blood urea occurs when the blood NH, has returned to zero, the significance 
of which is discussed below. The great reactivity of the liver to blood NHs, 
resulting in the formation of urea is also manifest. 
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Fig. 2. Mean curves of blood NH, and blood urea for four dogs after oral administration of NH,Cl. 


— Blood urea. 


Fig. 3. Mean curves of blood NH, and blood urea for three dogs after oral administration of 


— Blood urea. 


NH,OH. 


Table V. 


Blood urea content (mg. urea-N/100 ml.) 


Time after oral 
administration 


of NH,Cl 


min. Dog A 
0 

15 10-1 
25 — 
30 12-1 
45 12-2 
60 — 
75 15-4 
90 18-4 

105 — 

120 14-4 


Table VI. 


Time after oral 
administration 
of NH,OH 
min. 

0 
15 
30 
5 


Blood ammonia. 


Blood ammonia. 


26-0 


21-7 
23-6 
27-9 
27-0 
27-0 


Dog B 


Urea determinations 


Dog C 


15-4 
18-1 
24-2 
24-6 
28-0 
33-1 
33°3 


97.9 


Urea determinations 


Dog D 


Blood urea content (mg. urea-N/100 ml.) 


Dog F 
14-2 
14-2 
48-4 
51:3 


ee ae oe oe 

Dog H 
13-3 
18-6 
18-0 
53-1 


Urea-N in mg./100 ml. 
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Discussion 

When we consider the rapidity with which the blood NH, falls from a very 
rapidly attained peak value after administration of ammonium salts or NHs, it is 
not surprising that the normal content of NH, in circulating blood is either zero 
or below the analytical level. After schaniuiitenatiae of ammonium hydroxide the 
blood NH, drops from approximately 300g. NH,-N/100 ml. to zero within 
30 min., and during this time also (15-45 min. after administration) considerable 
amounts of ammonia are doubtless still entering from the intestine. 

Only a very small part of such decrease can be attributed to excretion by the 


kidneys, and probably the fall is mostly accounted for by the activity of 


the liver. 

The blood urea rises to a considerable height when compared with the blood 
NH,, and it is noteworthy that the most rapid increase generally occurs 
when the blood ammonia has returned again almost to the zero level with a 
marked increase continuing when this level is reached. This indicates a consider- 
able lag between the initial stage of the fixation of the NH, by the liver and its 
final appearance as urea. From what we know of the stages ‘of urea formation 
[Krebs, 1932] the first stage would represent the formation of citrulline from 
ornithine, NH, and CO,, the succeeding stages—if we may judge from these 
experiments—proceeding comparatively slowly. It may be inferred that the 
ornithine content of blood or liver will be a determining factor in the rapid 
removal of traces of NH, from the blood stream, and will explain why in 
the fasting animal an increase in the blood NH, has been observed [e.g. 
Parnas & Wagner, 1924]. 

The immediate or “‘alpha” rise in the blood NH, after shedding is apparently 
independent of the absolute value of the free blood NH,;, which is only to be 
expected if it derives from the deamination of some blood substance. At the 
same time the analyses at the highest blood NH, concentrations observed indi- 
cate an interplay between some fixation and some formation of the free NH. 


SUMMARY 


1. The normal blood NH, content for resting dogs is either zero or below the 
analytical level, when determined by the method of Conway. There appears also 
the same characteristic rise immediately after shedding and ending within 
5 min., as described for the human subject [Conway, 1935]. 

2. Oral administration of NH,Cl (0-5 g./kg.) causes a marked increase in the 
blood NH,, the highest mean value of “approximately 1-0 mg./100 ml. being 
observed 15 min. after administration and the peak probably occurring in less 
than this time. The return to normal occurred within 90 min. 

3. When the blood NH, is so increased there is also an increase in the blood 
urea of 2-36 mg./100 ml. over 90 min. The steepest rise in the blood urea occurred 
from 60 to 90 min. after administration of NH,Cl, and about 45 min. after 
administration of NH,OH, when the blood NH, had returned almost to zero, 
indicating a marked lag in the urea formation after an initial NH, fixation. 

4. Oral administration of NH,OH (4 ml. of 10 % NH,OH in 40 ml. water) 
is followed by a moderate rise in the blood NH,. In 15min. it reached 
0-3 mg./100 ml. but returned to normal in the next 30 min. 


Our thanks are due to Prof. E. J. Conway for his kindness in demonstrating 
his method to one of us, also to Prof. F. Venulet and Dr F. Goebel for their 
unfailing assistance and interest in this research. 
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(Received 25 March 1938) 


WHEN a solution of pyridine-haemochromogen containing ascorbic acid is 
shaken in air, both substances undergo a coupled oxidation leading to verdo- 
haemochromogen and dehydroascorbic acid [Karrer et al. 1933; Lemberg et al. 
1938, 1, 2: ef. also Haurowitz,? 1937]. When haemoglobin and ascorbic acid are 
incubated in air at pH 7-2 and 38° a slower oxidation takes place giving chole- 
globin, a bile pigment-haemoglobin compound [Lemberg e¢ al. 1938, 3] and finally 
products in which the protein is denatured [Anderson & Hart, 1934; Edlbacher 
& v. Segesser, 1937]. The ascorbic acid is broken down to dehydroascorbic acid, 
and finally to other products. Here we present our investigations of the reaction 
in its early stages when the main breakdown product of the haemoglobin is 
choleglobin. 

There are two possibilities for the mechanism of this reaction. 

(1) The autoxidation of the ascorbic acid is independent of the haemoglobin. The 
hydrogen peroxide formed in this reaction oxidizes the porphyrin ring to the bile 
pigment prosthetic group of choleglobin. This mechanism has been assumed by 
Barkan & Schales [1938, 1, 2, 3]. Hydrogen peroxide, indeed, causes the oxida- 
tion of the porphyrin nucleus of pyridine-haemochromogen [Lemberg ef al. 
1938, 2]. 

(2) Ascorbic acid and oxyhaemoglobin react directly. Two hydrogen atoms are 
transferred from ascorbic acid to oxyhaemoglobin, giving rise to an unstable 
haemoglobin-hydrogen peroxide compound which breaks down with the forma- 
tion of choleglobin. Such a mechanism was suggested by Lemberg e¢ al. [1938, 2], 
because the first possibility could be excluded in the aerobic experiments with 
pyridine-haemochromogen, the ascorbic acid not undergoing a sufficiently rapid 
autoxidation in the pyridine solutions used. 

Under the conditions of the reaction with haemoglobin the autoxidation is 
faster. The phosphate buffers, ranging from pH 7-2 to 8-6, were not copper-free, 
and in the course of autoxidation hydrogen peroxide is formed and can be 
detected by the luminol test. If it can be shown, however, that the oxidation of 
haemoglobin proceeds under conditions in which the autoxidation of the ascorbic 
acid is prevented, then the first theory cannot hold and the second alone explains 
the facts. 

The autoxidation of ascorbic is no true autoxidation, but is catalysed by 
copper, and we can investigate the reaction by the use of copper-inhibitors. 

! This work was carried out under a grant from the National Health and Medical Research 
Council. 

* Aided by a grant from the T. E. Rofe bequest. 

3 The absorption band in the red observed by Haurowitz, p. 142, is not caused by substances 
related to chlorophylls or chlorins, but by verdohaemochromogen. 
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ASCORBIC ACID-OXYHAEMOGLOBIN REACTION 


EXPERIMENTAL 


The reaction was studied spectroscopically and by measurement of the O,- 
uptake. Choleglobin may be distinguished from other haemoglobin derivatives 
with an absorption band in the red by its behaviour with CO after reduction. The 
following table shows its differences from methaemoglobin, sulphaemoglobin 
and pseudomethaemoglobin [Fairley & Bromfield, 1937]. 


Absorption Na,S,O0, and Na,S,0, and 
_ Compound band in mp With Na,S,0, CO alkali 
Methaemoglobin 630-634 Reduced Hb CO-Hb Protohaemo- 
chromogen 
pseudoMet-Hb 622-624 Protohaemo- CO-haemochro- Protohaemo- 
chromogen mogen chromogen 
Sulph-Hb 618-622 No change Band at 614 Protohaemo- 


chromogen 


Choleglobin 628-632 No change Band at 627-629 Cholehaemochro- 
mogen, band at 
618-620 


The O,-uptake from a solution of oxyhaemoglobin and ascorbic acid, 
shaken in air, was measured by the Warburg technique with KOH in 
the central cup. A solution of crystalline horse haemoglobin was placed in 
the main chamber of the vessels, while a solution of 1 mg. crystalline B.D.H. 
ascorbic acid was added from the side-bulb. All the solutions were buffered 
with M/15 phosphate buffer, in the majority of experiments at pH 7-4. The 
temperature of the bath was 38°. 


Inhibition of the autoxidation 


Of the copper-inhibitors used by other workers compounds of the diethyl- 
dithiocarbamate type proved best for our purpose. We used the above com- 
pound as well as piperidine-dithiocarbamate which was found to be very 
satisfactory. These were put in the main vessel with the buffered haemoglobin 
solution. 

It can be seen from Fig. 1 that the inhibitor is able to prevent the autoxida- 
tion of the ascorbic acid at the pH used (curves 1 and 2). Control experiments 
without ascorbic acid show that the small uptake observed in the presence of 
the inhibitor is due to the oxidation of the inhibitor itself. The presence of the 
inhibitor does not affect the haemoglobin breakdown ; control experiments showed 
that addition of the inhibitor does not increase the O,-uptake of haemoglobin 
solutions any more than is due to autoxidation of the inhibitor. While the 
inhibitor supresses the autoxidation of the ascorbic acid, it does not diminish its 
reaction with haemoglobin. Choleglobin was found to be present at the end of the 
experiment with inhibitor in no less strength than in experiments without in- 
hibitor. The curves 3 and 4 of Fig. 1 show that the O,-uptake is not diminished 
but even slightly increased by the copper-inhibitor. It can also be seen from 
these curves that dehydroascorbic acid is further oxidized. There is, in the experi- 
ment with inhibitor, a distinct diminution of the rate of O,-uptake after some- 
what more than one oxygen atom per mol. of ascorbic acid has been taken up, 
while the oxidation in all the other experiments proceeds with unaltered rate 
beyond this point. Experiments in which dehydroascorbic acid was used in 
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place of ascorbic acid showed that it was not able to form choleglobin from 
haemoglobin. The dehydroascorbic acid was prepared by oxidizing ascorbic acid 
with the calculated amount of iodine. 


ptake, yl. 


O,-u 





0 30 60 


Time in min. 


Fig. 1. O,-uptake in Warburg manometer. The horizontal dotted line represents oxygen required 
to oxidize ascorbic to dehydroascorbic acid. Curve 1, autoxidation of ascorbic acid in phosphate 
buffer, pH 7-4. Curve 2, the same as 1 with copper-inhibitor (1 mg.). Curve 3, coupled oxida- 
tion (0-4 ml. strong haemoglobin solution and acid in phosphate buffer, pH 7-4). Curve 4, the 
same as 3 with copper-inhibitor. 


Choleglobin formed with hydrogen peroxide and ascorbic acid 


If the haemoglobin and the ascorbic acid are put into a Thunberg tube, and 
the haemoglobin reduced by evacuation and the use of oxygen-free nitrogen, no 
reaction takes place. If hydrogen peroxide is now added through the outlet 
tube, a formation of choleglobin can be observed at 38°. This reaction takes place 
more rapidly than the choleglobin formation when the same quantities of 
haemoglobin and ascorbic acid are incubated in air. 

Barkan has investigated the formation of choleglobin by the action of hy- 
drogen peroxide on haemoglobin in the presence of cyanide. He concludes that 
cyanide is necessary for the formation of these bile pigment compounds, and that 
it cannot be replaced by reducing substances. We find that ascorbic acid can be 
used instead of cyanide, but we are unable at present to explain satisfactorily the 
action of cyanide in bile pigment-haemoglobin formation. The mechanism of the 
two reactions appears to be different. Barkan has withdrawn his earlier explana- 
tion that the cyanide only inhibits the catalase that is present; in this we agree. 


Carbon monoxide as inhibitor 

While we have thus succeeded in blocking the autoxidation without pre- 
venting choleglobin formation, we can show that the formation of the chole- 
globin is prevented by CO without considerably diminishing the rate of the 
autoxidation. 

Barron et al. [1936] have shown that CO inhibits the autoxidation of ascorbic 
acid. The partial pressure of the CO in our experiments was not sufficient to do 
this to a great extent. Ascorbic acid and haemoglobin were allowed to react in 
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phosphate buffer at pH 7-4 under a gas mixture of 20 % O, and 80 % CO. The 
concentration of the ascorbic acid was measured by precipitating a measured 
volume of the contents of the vessel in vacuo with metaphosphoric acid and 
titrating the filtrate with 2: 6-dichlorophenolindophenol [Lemberg & Legge, 
1938]. 

After 2 hr. at 38° nearly all the ascorbic acid had been oxidized, but no trace 
of choleglobin had been formed. Experiments carried out in air under the same 
conditions resulted in a copious formation of choleglobin. CO ought, indeed, to 
prevent the reaction, if the initial step consists in a direct reaction of oxy- 
haemoglobin with ascorbic acid. 

CO does not prevent the formation of choleglobin from haemoglobin by 
hydrogen peroxide. Washed red cells of sheep were laked by freezing. 1 ml. of this 
strong oxyhaemoglobin solution was buffered with 6-5 ml. of 1/15 phosphate 
buffer pH 7-4. Of this solution 2 ml. were placed in the bottom part of a Thun- 
berg tube, the top part of which contained 0-1 ml. of 0-5 % H,O,. 2-5 mg. of 
ascorbic acid were added to the haemoglobin solution and the tube immediately 
evacuated and filled with oxygen-free CO; 5 min. after the addition of the 
peroxide a spectroscopic investigation revealed a distinct band at 630 my which 
persisted on reduction by hydrosulphite. 

While hydrogen peroxide could be detected in the autoxidation of the as- 
corbic acid by the luminol test, its application to the reaction catalysed by 
haemoglobin gave negative results. The test was also made according to the 
method of Hoitz & Triem [1937], whereby the reaction mixture was acidified 
with H,SO,, distilled in vacuo at 60°, and the distillate tested with luminol. The 
test was again negative. This is not, however, definite evidence that hydrogen 
peroxide is absent, because large amounts of haemoglobin or haematin suppress 
the chemiluminescence. 

DiscussIon 


We have brought forward evidence that the formation of choleglobin from 
oS S 
haemoglobin in the coupled oxidation with ascorbic acid is not due to the 
So 
formation of hydrogen peroxide by autoxidation of the ascorbic acid as Barkan 
has assumed. This reaction can be prevented without stopping the choleglobin 
formation. We express the formation of the choleglobin in the following way: 


HbO,+ H,A ~Hb.H,0,+A (H,A =ascorbic acid) 
Hb.H,O,— HbOH (methaemoglobin) 


« choleglobin 
2HbOH + H,A — 2Hb+A+2H,0 
Hb+0,-HbQ,. 


The whole cycle continues until all the reducing agent is oxidized. 

This process is very similar to the reaction of pyridine-haemochromogen and 
ascorbic acid to form verdohaemochromogen [Lemberg et al. 1938, 2], yet we can 
see the specific influence of the globin on the course of the oxidation in the 
different end-products. The prosthe tic group of choleglobin is similar to, but not 
identical with, verdohaem. We are not able at present to say wherein lies the 
structural difference between cholehaem and verdohaem. 

Barkan uses the collective prefix pseudohaem for compounds which may con- 
tain either cholehaem or verdohaem and makes no distinction between them. 
The use of the terms ‘‘ pseudohaemochromogen”’ for verdohaemochromogen and 
“ pseudohaemoglobin” for both choleglobin and cholehaemochromogen makes 
it appear that the difference between them is only one of the protein moieties of 
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the compounds, while in fact the main difference lies in the structure of the 
prosthetic group. Again, the name *‘pseudohaemoglobin” is used by Barkan for 
the compound with easily detachable iron in the erythrocytes. Its structure is 
still unknown, but it differs from choleglobin in spectroscopic features [Lemberg 
et al. 1938, 3] and in that carbon monoxide prevents the detachment of iron from 
it. We cannot, for that reason, conform to Barkan’s nomenclature. Fairley has 
also used the name pseudomethaemoglobin for a quite different class of com- 
pounds. 

The claim of Barkan & Schales [1938, 3] to have proved the existence of bile 
pigment-haemoglobin before the experiments of Lemberg et a/. [1938, 3] cannot 
be accepted. The fact that iron is easily detached from compounds of this type, 
which in itself is based on experiments of Lemberg [1935], cannot be considered 
as sufficient proof of the bile pigment nature of these compounds. Only the 
isolation of biliverdin from choleglobin has proved that it is a bile pigment- 


haemoglobin [Lemberg ef al. 1938, 3]. Full description of the properties of 


choleglobin will be published later. 


Michel [1938] has recently suggested a similar mechanism for the formation of 


sulphaemoglobin from oxyhaemoglobin and hydrogen sulphide, although here, 
as in our experiments, hydrogen peroxide can cause the same reaction. In the 
presence of hydrogen sulphide, however, the product is different from chole- 
globin, the sulphur atom entering the haemoglobin molecule. In a forthcoming 
paper we shall confirm and extend Michel’s evidence that sulphaemoglobin can 
be reconverted into protohaemochromogen and thus differs from the bile pig- 
ment-haematin compounds, to which Barkan had assumed it to belong. We can, 
however, confirm Barkan’s finding that the iron of sulphaemoglobin can be 
easily detached. We have here an example of a compound with easily detachable 
iron which cannot be a bile pigment-haematin compound. 


SUMMARY 


The coupled oxidation between oxyhaemoglobin and ascorbic acid, leading to 
a bile pigment-haemoglobin, is not caused by the hydrogen peroxide liberated in 
the autoxidation of the ascorbic acid. This autoxidation can be prevented by 
copper-inhibitors without stopping the formation of choleglobin. Oxyhaemo- 
globin and ascorbic acid react directly to form choleglobin. 

While carbon monoxide prevents the formation of choleglobin by the action 
of atmospheric oxygen on haemoglobin in the presence of ascorbic acid, it does 
not prevent the formation of choleglobin by hydrogen peroxide. 
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XCVII. PYRUVATE.OXIDATION IN BRAIN 


V. EVIDENCE DERIVED FROM THE METABOLISM 
OF a-KETOBUTYRIC ACID 


By CYRIL LONG ann RUDOLPH ALBERT PETERS 
From the Department of Biochemistry, Oxford 


(Received 31 March 1939) 


THE problem of the specificity of the pyruvate oxidation system in pigeon’s 
brain tissue has been studied more fully by us, not only in the hope that it 
would throw fresh light upon the path of complete oxidation of pyruvic acid, 
but also in the belief that knowledge of the behaviour of other simple «-keto- 
acids would contribute further to the elucidation of the metabolism of some of 
the oxidation products of the «-amino-acids. 

In particular it was hoped that some definite indication would be obtained 
as to whether the three reactions found to account quantitatively for the aerobic 
oxidation of pyruvic acid [Long, 1938] were entirely separate or were inter- 
related. This objective, we think, has been realized. We have now obtained 
evidence that the rate of oxidation (u mol./hr.) is the same for pyruvic acid and 
z-ketobutyric acid; but whereas the latter gives as end-product CO, and pre- 
sumably the next lower fatty acid, a change requiring }O, per mol., part of the 
pyruvic acid disappearing is much more fully oxidized. This suggests that there 
is a common path for the initial stage in the oxidation, intermediate compounds 
of similar type being formed from pyruvic and «-ketobutyric acids, the sole 
difference being that in the case of pyruvic acid a further system intervenes 
capable of oxidizing this unstable intermediate to CO, and water. The inter- 
mediate formed from «-ketobutyric acid can only break down without O, uptake 
to CO, and, by analogy, propionic acid. 

Hence the scheme for pyruvic acid oxidation suggested by Long [1938] 

z Acetic acid and CO, 
Pyruvic acid > (X)< 
«CO, and water 
may be replaced by the more general scheme 
a-Ketomonocarboxylic acid — (X) + Next lower fatty acid and CO,, _...... (A) 
1%. 
(Pyruvic acid) CO, and water, j= =  —.eeeeee (B) 
with the special system for pyruvic acid. The figure 77 % is given by 
Pyruvie acid giving CO, and water 67 ides 
~ Total pyruvic acid oxidized “ 100= 5; +19-6 * 100=77, 
no account being taken of the dismutation. This process has been shown to take 
place more rapidly under anaerobic conditions than in the presence of mole- 
cular O,. . 
HISTORICAL 

Decarboxylation by yeast of «-keto-acids, containing at least one 8-hydrogen 
atom, was well established by Neuberg and his co-workers [Neuberg & Kerb, 
1912; Neuberg & Peterson, 1914; also Hofmann, 1931]; it is also now known 

Biochem. 1939 xxx ( 759 ) 48 
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that vitamin B, pyrophosphoric ester (cocarboxylase) is required in this 
system both for pyruvic acid [Lohmann & Schuster, 1937] and for «-keto- 
butyric acid [Peters, 1937]. Contrary to its behaviour with yeast carboxylase, 
a-ketobutyric acid showed no apparent reaction with the pyruvate oxidation 
system in unwashed brain and even appeared to inhibit pyruvate respiration. 
This provided no foothold for a belief in the similarity of the brain and yeast 
systems, nor did cocarboxylase prove nearly as efficient as vitamin B, in the 
catatorulin test [Peters, 1937]. At the same time McGowan & Peters [1937] 
had found no evidence for the oxidation of the «-ketodicarboxylic acids, «-keto- 
adipic and «-ketoglutaric acids, by brain brei. 

We have reinvestigated with yeast and brain the behaviour of «-keto- 
butyric acid and also studied the homologue «-ketovaleric acid. 


EXPERIMENTAL 
Reagents 


Pyruvic acid. Pure Na pyruvate [Peters, 1938] was used. Before each experi- 
ment a small quantity was dissolved in Ringer arpa ert pH 7-3, so that 
0-2 ml. when added to the-respiration medium of total vol. 2-8 ml. gave a final 
concentration of c. 0-02. 

Succinic acid. A “‘Kahlbaum”’ specimen of Na succinate was used, final 
concentration c. 0-04. 

a-Ketobutyric acid. A sample of Na «-ketobutyrate was prepared from the 
acid [Neuberg & Kerb, 1912] by the method of Peters [1937]. 

a-Ketovaleric acid. Two samples were prepared, one by Mr L. A. Stocken in 
this Department, by condensing together ethyl oxalate and ethyl n- butyrate, 
followed by the hydrolysis of the resulting ethyl ethyloxaloacetate with 5° 
i 8 B.P. 78°/14 mm. Low-melting colourless ‘solid. Na salt prepared as bn 

Na «-ketobuty. rate. Analysis: found: C, 43-5 %; H, 5-2%. Cale. for C;H,O,Na: 
G, 43-5 %; H, 5-1° %- 2:4-Dinitrophenylhydrazone, M.P. 135- 136° (corr.). 

Unless otherwise stated, the concentration of «-keto-acid was c. 0-02./. 
This gave the maximal effect (cf. Tables IV, XIII). 

Vitamin B,. Synthetic specimens from Messrs Hoffmann la Roche and 
Messrs Bayer. 

Cocarboxylase. A sample (5 30 % purity) containing a little vitamin B, pre- 
pared by Mr H. W. Kinnersley in this Department by the method of Kinnersley 
& Peters [1938]. Also a synthetic specimen from Messrs Merck. 

Values quoted in experiments are the average of duplicates or triplicates, the 
variation being not greater than +1-5%. 


DECARBOXYLATION BY YEAST 


In the experiments of Neuberg and his co-workers, «-ketobutyric acid 
[Neuberg & Kerb, 1912] and «-ketovaleric acid |[Hofmann, 1931] were easily 
decarboxylated by baker’s yeast, washed with phosphate buffer, pH 6-2. Peters 
[1937] used yeast washed with alkaline phosphate by the method of Lohmann 
& Schuster [1937] to show the necessity for cocarboxylase in the decarboxylation 
of «-ketobutyric acid. Ochoa [1938] demonstrated the activation of cocarboxy- 
lase by vitamin B, in the decarboxylation of pyruvic acid. These new develop- 
ments have been extended to «-ketobutyric and «-ketovaleric acids. 

Dry baker’s yeast (supplied by the Distillers Co. Ltd.) was washed free from 
cocarboxylase [Ochoa & Peters, 1938, 1]. CO, production was measured in air 
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at 28° and pH 6-2, using Barcroft-Dixon manometers. Each bottle contained 
1-0 ml. alkaline-washed yeast suspension, 0-10 ml. MgCl, (equivalent to 100 yg. 
Mg), cocarboxylase and vitamin B, where used. The pyruvic or «-keto-acid 
was contained in a Keilin cup, tipped in after 15 min. incubation period. Table I 
shows that the «-keto-acids are decarboxylated at about the same rate as 
pyruvic acid, and that the activation of cocarboxylase by vitamin B, takes 
place to approximately the same extent in all cases. The yeast decarboxylation 
system is therefore quite general for «-ketomonocarboxylic acids. If there is 
any significance in the individual values then «-ketovaleric acid and pyruvic 
acid are decarboxylated only 69 and 80% as rapidly as «-ketobutyric acid. 


Table I. Decarboxylation of «-keto-acids by alkaline-washed yeast 
1-0 ml. washed yeast suspension; 0-10 ml. MgCl, (100 pg. Mg). Total vol. made up to 2-3 ml. 
with phosphate buffer, pH 6-2. 
Exp. 211 (1 exp. out of 3 quoted) 


CO, production in 25 min. (pl.) 


A 


EE SS ee 

Nil Cocarboxylase (2 pg.) 
Residual 1 1 
Pyruvate 19 316 
a-Ketobutyrate 21 396 
«-Ketovalerate 12 273 


Exp. 217 (1 exp. out of 2 quoted) 
CO, production (yl.) in 30 min. 


rs 
Cocarboxylase 


Vitamin B, Cocarboxylase (1 pg.) and V 

Nil (10 pg.) (1 pg.) (10 pg.) 
Residual l 8 1 3 
Pyruvate 27 31 181 465 
a-Ketobutyrate 17 25 189 503 

Exp. 212 (1 exp. out of 2 quoted) 
Residual 1 6 1 1 
a-Ketobutyrate 22 27 165 548 
a-Ketovalerate 17 11 122 386 


THE INTERACTION BETWEEN &-KETO-ACIDS AND THE PYRUVATE 
DEHYDROGENASE FROM BRAIN 


The question now arises as to whether the pyruvate dehydrogenase from 
brain will react with other «-keto-acids, and if so, whether to the same degree 
as found for yeast. Lipmann [1937] showed that in the presence of methylene 
blue under anaerobic conditions, pyruvic acid was converted by the pyruvate 
dehydrogenase into acetic acid and CO,. It was also found that a simple washing 
would produce a preparation from pigeon’s brain showing a reduction time with 
pyruvate and methylene blue only three times more rapid than in the absence 
of pyruvate. This finding has recently been confirmed | Peters & Wakelin, 1938]. 
Under such conditions the presence of residual substrates in the tissue was 
objectionable. By washing with 0-2 % KCl (see Appendix with R. W. Wakelin) 
the reduction time of the residue was very much increased. The technique 
finally used was as follows. 

Normal pigeon cerebrum was finely minced ice-cold, washed three times with 
ice-cold Ringer phosphate pH 7-3, three times with 0-3°% KCl and once with 
0-2% KCl. During each washing the tissue was allowed to remain in contact 

48—2 
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with the salt solution for about 15 min. so that diffusion of the substrates into 
the latter could take place. The bulky white suspension was shrunk by a final 
washing with Ringer phosphate. Observations were made in vacuo in Thunberg 
tubes at 38°, 50 mg. tissue and 0-2 ml. (40 wg.) methylene blue being used. The 
keto-acids were tipped in from the hollow stopper after evacuation. 


Table Il. Reactivity of «-keto-acids with the pyruvate dehydrogenase 
from pigeon’s brain 
(2 exps. out of 3 quoted) 


Reduction times (min.) 


sicniiicinaiesinacient Nicaea ——-~, 
Exp. 164 Exp. 170 
Residual 167 164 
a-Ketovalerate 104 60 
Pyruvate 14 103, 94 
a-Ketobutyrate 15 113 
Pyruvate + «-ketobutyrate 10 104 
Pyruvate + «-ketovalerate — 10 


The experiments in Table II show that pyruvate and «-ketobutyrate react 
at the same rate with the pyruvate dehydrogenase system, strongly indicating 
that the active centre is the same for both. «%-Ketovalerate shows an almost 
negligible activity (15%), which is quite distinct from the slight reduction found 
for yeast. This inactivity cannot in any way be due to the effect of a poison, 
since the reduction time for pyruvate is not altered by the presence of «-keto- 
valerate. This difference seems to suggest that some essential part of the system, 
perhaps the protein component, is different from the corresponding part of the 
yeast system. 

a-Keto-acids and the Krebs’ dismutation 


If the pyruvate dehydrogenase plays a part in the Krebs’ dismutation 
[Krebs & Johnson, 1937], 


2RR’CH.CO.COOH + H,0 —RR’'CH.CHOH.COOH + RR’CH.COOH + CO,, 


it might be expected that «-ketovalerate would behave differently from pyruvate 
under these conditions. Weil-Malherbe [1937] showed that with slices of rat 
brain under anaerobic conditions, pyruvic acid was converted into the theoretical 
quantities of lactic acid and CO,. 

Working with washed minced pigeon’s brain, both in Krebs’ bicarbonate 
and in Ringer phosphate saturated with CO,, we have compared the CO, 
evolution from pyruvic acid and the two «-keto-acids (Table III). Since we 
have washed the tissue in many of the experiments to be described later, the 
method of washing may be given here [cf. McGowan, 1937]. The brains (cere- 
brum and optic lobes) of three or four pigeons were finely minced ice-cold, 
transferred to a centrifuge tube and washed three times with ice-cold Ringer 
phosphate (3 x 30 ml.). After each centrifuging, the tissue was ground against 
the side of the tube with a glass rod. Finally, after being well mixed, it was 
transferred to the previously weighed experimental bottles in roughly equal 
quantities (270 mg.). Residual respiration was much reduced by this treatment, 
without impairing the activity of the system for metabolizing pyruvic acid. 

The residual bicarbonate production (Exp. 168) is not increased by the 
presence of pyruvic or other «-keto-acid, so that the acid production is an 
index of the extent to which the Krebs’ dismutation proceeds. It will be 
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Table III. The Krebs’ dismutation of «-keto-acids by washed pigeon 
brain brei 
(a) In Krebs’ bicarbonate (pH 7-3). 1 exp. out of 4 quoted. Exp. 168. Duration 120 min. 


CO, production, pl./g. 





es 

Acid Bicarbonate 

production production 
Residual 56 36 
Pyruvate 172 33 
a-Ketobutyrate 166 35 
«-Ketovalerate 102 40 


(6) In Ringer phosphate, saturated with CO,. pH 7-3. Exp. 229. Duration 210 min. 


Acid production 


Residual 49 
Pyruvate 198 
a-Ketobutyrate 195 
«a-Ketovalerate 110 


observed that with «-ketobutyrate the dismutation takes place to exactly the 
same extent as with pyruvate, while the activity of «-ketovalerate is only 40%, 
of this. The difference between this value and the 15% activity of «-keto- 
valerate towards the pyruvate dehydrogenase and methylene blue is very 
surprising. According to the accepted theory of the role of the pyruvate de- 
hydrogenase in the Krebs’ dismutation, identical values for «-ketovalerate would 
be expected. 


Brain respiration in the presence of «-keto-acids 
A comparison of the increased O, uptakes of respiring pigeon brain brei due 
to pyruvic and other «-keto-acids is given in Table IV (Exp. 206). Since variable 
results of small magnitude were obtained with unwashed tissue, the figures refer 
to washed brain, using samples of Na salts of «-keto-acids of the highest degree 
of purity. Less pure samples gave somewhat smaller effects. 


Table IV. «-Keto-acids and brain respiration 
Washed normal brain. pH 7-3 


O, uptake, pl./g./nr. 


cc 7: — ee = ee 

Exp. 206* 0-1 1-2 2-3 Increase Av. 
Residual 299 161 94 

a-Ketovalerate 313 180 116 4, 19 2 18 
«-Ketobutyrate 466 332 268 167, 171, 174 171 
Pyruvate 1038 843 761 739, 682, 667 696 
Exp. 223 

Residual 349 177 100 

0-02 M «-ketovalerate 381 235 147 31, 58, 47 45 
0-06 M «-ketovalerate 337 200 133 -12, 23, 33 15 
Exp. 226 0-14 13-3 3-43 

Residual 297 131 78 

0-02 M «-ketovalerate 328 161 97 31, 30, 19 27 
0-06 M a-ketovalerate 301 166 105 4, 35, 27 22 


* 1 exp. out of 2 quoted. 


The most striking point arising from these figures is the preservation of a 
constant metabolic rate for «-ketobutyric acid during a period of 3 hr. Under 
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these conditions the oxidation of pyruvic acid falls off very little, the O, uptake 
being about 4 times that for «-ketobutyric acid. As in previous cases, «-keto- 
valeric acid seems to be rather inert in comparison. The O, uptake is only about 
11 % that of «-ketobutyric acid, a figure approaching that found with the pyru- 
vate dehydrogenase and methylene blue. Furthermore, increased concentration 
of «-ketovalerate does not raise the respiration, a fall being observed in one 
case (Exp. 228). i 

We have attempted to discover the exact nature of the oxidation of «-keto- 
butyric acid in brain by determining its R.Q. To this end, 6 manometers of the 
Dixon-Barcroft type, in duplicate, were used, containing 

(1) Tissue alone. O, uptake measured. CO, absorbed by KOH. 

(2) Tissue alone. Initial CO, in solution measured by tipping in acid at time 
of zero reading. 

(3) Tissue alone. The difference between O, uptake and CO, as acid pro- 
duction measured manometrically as respiration proceeded. Also CO,, formed 
during respiration as bicarbonate, measured by tipping in acid at end of re- 
spiration period. 

(4) Tissue and «-ketobutyrate. O, uptake measured as in 1. 

(5) Tissue and «-ketobutyrate. As for 2. 

(6) Tissue and «-ketobutyrate. As for 3. 

In bottles 2, 3, 5 and 6 CO, was not absorbed, but Keilin cups containing 
0-2 ml. 20% H,SO, were provided. 

The net O, uptake was obtained by subtracting 1 from 4. In 3 and 6 the 
CO, formed by acid production was calculated from the observed reading and 
the corresponding O, uptake (1 and 4). To this was added the CO, produced in 
solution as bicarbonate. Initial CO, formed in 2 and 5 was then subtracted from 
these totals, the difference between the final values being the net CO, production 
due to oxidation of the «-ketobutyrate. Experimental recordings are given in 


Table V. 


Table V. R.Q. for brain respiration in presence of «-ketobutyrate 








O, uptake CO, production 
pl./g. pl./g. 
_ _ a — — : a I 

Duration a-Keto- a-Keto- Res. Net 

Exp. min. Res. butyrate Net Res. butyrate Net R.Q. R.Q. 
174 165 619 866 247 528 1138 610 0°85 2-46 
175 180 593 877 284 505 1188 683 0-85 2-41 
176 165 629 892 263 528 1138 610 0-84 2-31 
179 180 548 960 412 484 1416 934 0-88 2-27 
180 180 583 981 398 536 1507 971 0-92 2-44 
207 180 624 1022 398 495 1510 1015 0-79 2-55 
208 180 525 928 403 437 1383 946 0-83 2-36 
209 220 641 111] 470 554 1636 1082 0-86 2-31 
215 160 587 988 401 511 1493 982 0-87 2-45 
216 160 660 1120 460 603 1648 1045 0-91 2-27 
218 210 718 1212 494 675 1789 1114 0-94 2-25 
Av. 180 0-87 2-37 


The mean value is 2-37 + 0-03. Agreement between individual values is not 
exceptionally good, but this was to be expected owing to the small differences 
in O, uptake and the fact that at least 8 separate measurements have to be 
recorded for the calculation of a single R.Q. In addition, there seems to be a 
dependence of the R.Q. on the duration of the experiment. Three experiments 
lasting only 120 min. gave R.Q.’s as high as 2-69, and are not included. 
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The figures are in striking contrast to the value 1-30 + 0-04 found by McGowan 
[1937] for pyruvic acid, and prove undoubtedly that «-ketobutyric acid is much 
less completely oxidized. The suggestion is that «-ketobutyric acid can only be 
oxidized as far as the next lower fatty acid and not completely to CO, and 
water as in the case of pyruvic acid: 


CH,CH,COCOOH + 30,  CH,CH,COOH +CO,,. 


The fact that the r.Q. found is greater than 2-0 must be due, in some measure 
at least, to simultaneous anaerobic dismutation producing CQ,. 

_ A most interesting and important fact now emerges from a study of the 
O, uptakes for pyruvate and «-ketobutyrate under the same conditions, and 
which is seen in Table VI. For these two acids, the same number of yz mol. are 
oxidized in a given time; in the case of «-ketobutyrate, simple oxidative de- 
carboxylation alone takes place, but in the case of pyruvate, some of the acid 
disappearing is completely oxidized. However, the fact is that the same rates 
of oxidative removal of the two keto-acids are observed, independent of the 
subsequent path of oxidation. 


Table VI. Comparison of the rate of oxidation of «-ketobutyric 
and pyruvic acids 





Total O, uptake, pl./g. » mol, oxidized 
f . ere sia ‘ oF 
Duration a-Keto- a-Keto- 
Exp. hr. Res. butyrate Pyruvate butyrate Pyruvate 
206 1 299 466 1038 14-9 16-2 
2 460 798 1881 30-2 31-1 
3 554 1066 2629 45-7 45-4 
213 1 307 484 1086 15-8 17-0 
2 469 831 1987 32:3 33-1 
214 1 330 507 1080 15-8 16-4 
2 508 864 1989 31-8 32-4 
3 614 1149 2772 47°8 47-3 
+t 686 1383 3461 62-1 60-9 


The method of calculating these quantities requires some explanation. The amount of pyruvic 
acid disappearing by oxidative processes is given by 
Xo, 866 1 


mol. pyruvic acid oxidized =750 * loo * 38 * 1000 =0-0219 xo,. 


%, is the O, uptake (yl.); 86-6 is the % pyruvic acid disappearing by oxidative processes giving 
CO, and water, and CO, and acetic acid [Long, 1938]; the factor 450 converts O, uptake (l.) into 
pyruvic acid (mg.) [MeGowan, 1937], and 88 is the mol. wt. of pyruvic acid. For «-ketobutyric 
acid the calculation is much simpler, being 
7 ‘ aes 2 x 1000 y 
# mol. «-ketobutyric acid oxidized =x, x “22,400 =0-0892 zo,. 

These results suggest very strongly that both «-ketobutyric acid and pyruvic 
acid undergo the same initial change under aerobic conditions. It would follow 
from this that each gives rise to an intermediate of similar type. Whereas the 
intermediate from «-ketobutyric acid can only break down to CO, and pre- 
sumably propionic acid, part of the pyruvic acid intermediate can be completely 
oxidized to CO, and water. The probability is that this special reaction is in 
some way connected with the simpler structure of this intermediate, the next 
higher homologue of which is unable to do this owing to the hydrocarbon chain. 

The high value recorded for the R.Q. of «-ketobutyric acid offers a certain 
difficulty. This problem can now be examined more closely in the light of the 
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last-mentioned conclusions. For pyruvic acid, Long [1938] showed that 86-6 % 
disappeared aerobically by oxidative reactions, and 10-4°%% simultaneously by 
the Krebs’ dismutation. Since identical amounts of pyruvic acid and «-keto- 
butyric acid disappear oxidatively, the analogy might be taken further, i.e. it 
seems reasonable to suppose that the extent of dismutation is also the same in 
the two cases, especially in view of the equal rates found under anaerobic con- 
ditions (Table III). In that case the theoretical R.Q. would be: 


86-645-2 91:8 


es wae ES 
0-5 (86-6) — 43-3 ; 





It is difficult to account for the experimental value of 2-37, but two facts may 
be mentioned which would lead to higher values than the theoretical: 

(1) Experiments on the R.Q. of pyruvic acid gave values of c. 1-47 in cases 
where the tissue had not been thoroughly washed. 

(2) Samples of «-ketobutyric acid not of the highest degree of purity gave 
values of 3-59 and 3-56 (Exps. 146 and 154). 

Although the effect due to 2 is probably absent from Table V, nevertheless 
incomplete washing of the tissue might well account for the anomaly. Lastly, 
judging from the influence of duration on the value of the R.Q., the calculated 
result might be achieved by neglecting the first } hr. of the respiration. 

Some experiments have been carried out to compare the extent of Krebs’ 
dismutation taking place under aerobic and anaerobic conditions in pyruvate 
solutions. The amount of dismutation proceeding aerobically was calculated 
from the observed O, uptake (10-4°% of the pyruvic acid disappears by dis- 
mutation). It was found that the amount of anaerobic dismutation decreased 


with time from about 23° during the Ist hour to 17% after 3 hr., the % 
referring to the anaerobic pyruvate disappearance compared with the pyruvate 
metabolized aerobically. Experiments have thus been continued for 3-4 hr., 
since this was the period in which 10-4° dismutation was found to take place 


aerobically [Long, 1938], Table VII; cf. also Barron & Lyman [1939]. 


Table VII. Dismutation of pyruvic acid under aerobic and anaerobic 
conditions 


Ringer phosphate, pH 7-3; for anaerobic experiments this was saturated with CO,. 





Anaerobic Aerobic 
* re om = oe 
Duration Net CO, Pyruvate Net O, Pyruvate 
Exp. min. pl./g. p mol. pl./g. » mol. 
226 180 99 8-8 1985 52 
227 180 81 7-2 1816 4:8 
230 200 111 9-9 2183 5-7 


Thus there seems to be little doubt that more dismutation of pyruvate takes 
place under anaerobic conditions than in the presence of O,. It was for this 
reason that we could not assume identical rates of dismutation of «-ketobutyric 
acid in the presence and absence of O, and hence calculate the “aerobic RB.Q.” 
directly. 


a-Ketobutyric acid and the catatorulin effect with avitaminous brain 


With washed avitaminous brain, small but definite catatorulin effects were 
observed on adding vitamin B, to the tissue respiring in solutions of «-keto- 
butyrate. With «-ketovalerate the effect was negligible. No catatorulin effects 
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were observed with the washed avitaminous brain alone. Table VIII also shows 
the lowered level of respiration of the avitaminous brain in the presence of 
a-ketobutyric acid, a phenomenon so far unexplained. 


Table VIII. Catatorulin effects with «-ketobutyric acid 


pH 7-3, 38°. 4 ug. vitamin B, used 


O, uptake, pl./g./hr. Catatorulin 
— OO rn effects 

Exp. 199 0-4 4-1 1-14 14-2 2-3 (last 2 hr.) 
Residual 434 322 253 206 141 
Residual + vitamin 417 335 249 189 142 —4, -17, 1 
a-Ketobutyrate 293 219 187 144 123 
Same + vitamin 312 261 222 181 164 35, 37, 41 
Exp. 147 + - FS 45 
Residual 387 232 124 69 
Residual + vitamin 400 234 124 71 2. 0. 2 
a-Ketobutyrate 225 136 79 50 
Same + vitamin 268 172 109 71 36, 30, 21 


The catatorulin effects are seen to be very small. However, mainly owing to 
the increased water content of the tissue due to the conditions of washing, 
pyruvic acid has a catatorulin effect of only 160-200 yl./g./hr. (see Table X). 


Effect of «-keto-acids on pyruvate respiration in brain 


Working with the unwashed brain brei from avitaminous pigeons, at pH 7-3 
and 38°, Peters [1937] obtained evidence that «-ketobutyric acid inhibited the 
catatorulin effect. We have continued this work and have studied in detail the 
action of this acid and of x-ketovaleric acid on pyruvate respiration in normal 
and avitaminous brain. 

Figures are quoted for the normal brain in Table LX. The effects are due to 
pure samples of «-keto-acids and are of the same order for both washed and un- 
washed tissue. 


Table IX. The inhibition of pyruvate respiration in brain 
by «-keto-acids. Normal brain 
I. Unwashed tissue 


Net pyruvate 


O, uptake, pl./g./hr. 
al as oxidation 











aa aa aa ~ 
0-} 1] 4-] 1-14 14-2 (last hr.) Av. 
(a) «-Ketobutyric acid. 1 exp. out of 4 quoted. 
Exp. 196 
tesidual 1366 1120 883 677 436 
Pyruvate 2553 2353 2173 1977 1845 1300, 1409 1355 
a-Ketobutyrate 1411 272 1049 897 744 
Pyruvate +a-ketobutyrate 2522 2290 2128 1991 1783 1094, 1039 = 1067 
(6) «-Ketovaleric acid. 1 exp. out of 5 quoted. 
Exp. 197 
Residual 1414 1178 719 490 
Pyruvate 2833 2580 2075 1904 1356, 1414 = 1385 
a-Ketovalerate 1206 1054 674 500 
2733 2475 2220 19i3 1779 1239, 1279 1259 


Pyruvate + «-ketovalerate 
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Table IX (cont.) 


II. Washed tissue 


O, uptake, pl./g./hr. Net pyruvate 
—— : : —-— oxidation 
0-} 1d 4] 1-2 (last 13 hr.) Av. 


(a) a-Ketobutyrate. 1 exp. out of 3 quoted. 
Exp. 198 


Residual 483 337 276 178 
Pyruvate 1115 1026 921 761 645, 583 614 
a-Ketobutyrate 609 522 463 37 
Pyruvate + «-ketobutyrate 1126 1020 920 802 457, 431 444 
O, uptake, pl./g./hr. Net pyruvate 
. : a oxidation 
0-3 4-1 1-2 2-3 (last 2 hr.) Av. 


(b) «-Ketovalerate. 1 exp. out of 2 quoted. 


Exp. 221 

tesidual 42] 274 186 102 

Pyruvate 1092 990 871 743 685, 641 663 
a-Ketovalerate 424 300 207 133 

Pyruvate + «-ketovalerate 1089 962 801 628 594, 495 545 


(c) Comparison of «-ketobutyraté and «-ketovalerate. 


Exp. 223 


Residual 416 281 177 100 
Pyruvate 1139 1027 915 792 738, 692 715 
a-Ketovalerate 435 326 236 148 
Pyruvate +«-ketovalerate 1175 1011 812 607 576, 459 518 
a-Ketobutyrate 615 476 378 311 
Pyruvate + «-ketobutyrate 1139 1006 850 703 472, 392 432 


One conclusion which may be drawn from these figures is that «-keto- 
butyrate inhibits pyruvate respiration more than does «-ketovalerate. For 
a-ketobutyrate the inhibition with unwashed brain is c. 21% and with washed 
brain c. 38%; in the case of «-ketovalerate the corresponding figures are 9 and 
23%, at concentrations of c. 0-02.M in both cases. This difference would be 
expected from the mechanism of the inhibition (see later). It might be mentioned 
that in earlier experiments, in which «-keto-acids of doubtful purity were used, 
similar net inhibitions were observed; in addition, however, the residual re- 
spiration level in the unwashed brain was lowered by «-ketobutyrate, also, the 
extent of such inhibition decreasing with time. 

Turning to the avitaminous brain, we have observed inhibitions of the 
catatorulin effect in pyruvate solutions by the «-keto-acid homologues. The 
impure acids gave inhibitions of c. 30° with unwashed brain, similar to those 
found by Peters [1937]. The figures quoted in Table X are for washed avita- 
minous brain using purest samples of the «-keto-acids. 

Here again the inhibition of the catatorulin effect is greater with «-keto- 
butyrate (37%) than with «-ketovalerate (27%). Incidentally, the real in- 
hibition of the catatorulin effect is slightly greater than that given in Table X, 
owing to the fact that the catatorulin effect of the «-ketobutyric acid alone has 
not been taken into account. The inhibiting effects produced by «-ketobutyrate 
would then be increased by about 36 yl./g./hr. In the case of «-ketovalerate, 
the correction on this account would be negligible. 

As to the nature of the inhibition, two alternatives seemed possible; either 
the g-keto-acids were exerting a general effect on the respiration by inhibiting 
the action of the indophenol oxidase system; or the effect was peculiar to 
pyruvate respiration, i.e. competitive inhibition, such as has been observed in 
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Table X. Inhibition of the catatorulin effect in washed avitaminous 
brain by «-keto-acids 


4 wg. vitamin B, used. pH 7-3 


O, uptake 


pl./g./hr. Catatorulin 
—_—_"———_ effects 
| 0-1 1-2 2-3 (last2 hr.) Av. 
(a) «-Ketobutyric acid. 1 exp. out of 2 quoted. 
Pyruvate 582 405 310 
Pyruvate + vitamin 745 603 513 198, 203 201 
Pyruvate + -ketobutyrate 496 390 247 
Same + vitamin 618 520 389 130, 142 136 
(b) «-Ketovaleric acid. 
) Exp. 238 
Pyruvate 655 479 374 
} Pyruvate + vitamin 813 677 566 198, 192 195 
Pyruvate + «-ketovalerate 681 474 334 
| Same + vitamin 798 622 472 148, 138 143 
brain with lactate [Jowett & Quastel, 1937] and succinate [Quastel & Wheatley, 
1931] in the presence of hydroxymalonic and malonic acids respectively. The 
| effect on unwashed brain brei respiring in succinate seemed to favour the first 


view since an inhibition of the succinodehydrogenase system was observed 
comparable in magnitude with that found for the pyruvate oxidase system 
(Table XI). 

However, when washed tissue was used, the inhibition of the succinodehydro- 
genase system was considerably reduced. In one exp. (186, Table XI) no in- 
hibition was observed at all. 


Table XI. Effect of «-keto-acids on succinate respiration 
in normal brain. S=succinate 
I. Unwashed tissue 


(a) «-Ketobutyric acid. 1 exp. out of 3 quoted. 


Net 
O, uptake, pl./g./hr. succinate 
a oxidation 
0+ 4} 4-1] 1-14 14-2 (last hr.) Av. 
Exp. 192 
Residual 1194 1010 776 599 494 
Succinate 2755 2262 1833 1290 1146 691, 652 672 
a-Ketobutyrate 1290 1100 896 760 676 
S +a-ketobutyrate 2538 2110 1776 1373 1067 613, 391 502 
(6) «-Ketovaleric acid. 1 out of 3 quoted. 
Net 
O, uptake, pl./g./hr. succinate 
ht oxidation 
0-} 1-1 3-1 1-13 14-2 (last hr.) Av. 
Exp. 195 
Residual 1430 1059 867 627 490 
Succinate 2872 2354 1833 1380 1117 753, 627 690 
«a-Ketovalerate 1127 956 780 600 483 


S +a-ketovalerate 2188 1990 1520 1137 957 537, 474 506 
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II. Washed tissue 





(a) «-Ketobutyric acid. Net 
O, uptake, pl./g./hr. succinate 
— ——_A—______—_— ~ oxidation 
0-4 3-1 1-13 14-2 (last hr.) Av. 
Exp. 186 
Residual 384 266 190 — 
Succinate 782 607 489 — 341, 299 320 
«-Ketobutyrate 592 457 382 — 
S+a-ketobutyrate 936 798 692 — 341, 310 325 
Exp. 239 
Xesidual 460 293 206 172 
Succinate 880 733 587 490 381, 318 350 
a-Ketobutyrate 611 466 383 338 
S +a-ketobutyrate 1041 825 689 566 306, 228 267 
Emi - “Tie APL 2X >) > 
(b) «-Ketovaleric acid. 1 exp. out of 2 quoted. Net 
O, uptake, l./g./hr. succinate 
I ~— oxidation 
0-} 4-1] 1-2 2-3 (last 2 hr.) Av. 
Residual bs 409 279 181 102 
Succinate 784 650 506 348 325, 246 286 
«-Ketovalerate 452 354 237 148 
S +a-ketovalerate 789 657 469 321 232, 173 203 


The absence of any general effect on the indophenol oxidase system was 
conclusively proved by our finding that «-ketobutyric acid had no action on the 
respiration of pig’s heart muscle extract in the presence of cytochrome ¢ and 


quinol (Table XII). 


Table XII. «-Ketobutyric acid and the indophenol oxidase 


Exp. 183. 1 exp. out of 2 quoted. 


Indophenol a-Keto- pl./g./hr. 
Quinol oxidase Cytochrome c butyrate #1 
mg. ml. ml. mg. 0-} j-3 
5 — — _ 101 
5 a — 5 73 
5 0-20 — — 632 
5 0-20 — 5 656 
5 0-26 0-10 _— 782 
5 0-20 0-10 5 784 





Finally, it was observed that the inhibition of pyruvate respiration in washed 
normal brain was increased on tripling the concentration of the «-ketobutyric 


acid (Table XIII). 


Table XIII. Effect of increasing the concentration of «-ketobutyric acid on 
pyruvate respiration in washed normal brain 


O, uptake, pl./g./hr. Net pyruvate 

——-———_———- ww oxidation 

0-4 j-3 4-1 1-2 (last 1$hr.) Av. 
Exp. 198 
Residual 483 337 276 178 
Pyruvate 1115 1026 921 761 645, 583 614 
0-02 M «-ketobutyrate 609 522 463 371 
Same + pyruvate 1126 1020 920 802 457, 431 444 
0-06 M a-ketobutyrate 602 526 475 371 


Same + pyruvate 1037 963 855 680 380, 309 345 
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On increasing the concentration of «-ketobutyric acid from 0-02 to 0-06 MV, 
the inhibition of pyruvate respiration is raised from 28 to 44%. 

Although there has been no attempt to work out the kinetics in detail, there 
can be little doubt that competitive inhibition is taking place. It has already 
been shown that the initial stage in «-keto-acid oxidation is the same for pyruvic 
acid and «-ketobutyric acid. If the two are allowed to compete for an enzyme, 
they will do so in proportion to their individual concentrations. In brain tissue 
under aerobic conditions, the amounts of the corresponding intermediates 
formed will be in this same ratio. Since the breakdown of the «-ketobutyric 
acid intermediate is unaccompanied by an uptake of O,, an inhibition of pyruvate 
respiration will be observed the magnitude of which will depend on the relative 
concentrations. 

In the avitaminous brain, inhibition is also observed, and this can only mean 
that both «-ketobutyrate and pyruvate are competing for the centres activated 
by vitamin B,. Taken separately they both show catatorulin effects, that due to 
a-ketobutyrate being smaller than in the case of pyruvate. We are thus led to 
the conclusion that vitamin B, is essential for the initial stage in the oxidation. 
Support for this proposed mechanism of the catatorulin effect is to be found in 
the fact that the % inhibition of pyruvate respiration in normal brain and the 
catatorulin effect with pyruvate in the avitaminous brain by «-ketobutyrate are 
approximately the same (c. 35%). 

The case of «-ketovalerate can be provisionally explained. This substance 
is oxidized to a small extent only by the normal and avitaminous brain, which 
suggests that its rate of forming the ‘corresponding intermediate is low. Thus one 
would expect the competition with pyruvate to be smaller, and this is what has 
been found. Such a view, however, is not quite consistent with the finding that 
0-02 M «-ketovalerate saturates the system (Table IV), an excess not increasing 
the rate of formation of the intermediate. Owing to the small increase in O, 
uptake observed. it has not been possible to determine the saturation concen- 
tration of «-ketovaleric acid in the brain system, but by analogy this is probably 
considerably below 0-02. 

Discussion 

In order to clarify the various points concerning the effect of «-ketobutyric 
and «-ketovaleric acids on the respiration of pyruvate and succinate in washed 
and unwashed brain, the following Table XIV is appended. Effects due to 
samples not of the highest degree of purity are listed in brackets whenever their 
behaviour differs from that of the purest specimens. 


Table XIV. Net effects of «-keto-acids on the respiration 
of pigeon brain bret 





Normal brain Avitaminous brain 
a eer oo OOO 
Cat. effect 
Residual Succinate Pyruvate with pyr. Residual 





( = > c y € an i Se. ‘ me 

Unw. Wash. Unw. Wash. Unw. Wash. Unw. Wash. Unw. Wash. 
a-Ketobutyrate +(-) + - 0? - - = = 
«-Ketovalerate - + - - - = - 

+ indicates increased respiration; — indicates an inhibition. 


The most significant points arising out of the work described are (a) that the 
rate of decarboxylation by the yeast carboxylase system is practically the same 
for three «-keto-acids, and (b) that the rate of oxidation by brain tissue is the 
same for two of them, pyruvic acid and «-ketobutyric acid; (c) the difference 
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between these two lies in the further metabolism of pyruvic acid, so that part 
of the initial oxidation product is completely oxidized to CO, and water. Since 
cocarboxylase is essential for decarboxylation by yeast, the inference from (a) 
and (b) is that it is also responsible for the initial change in brain. In the avita- 
minous brain this change is accelerated by the addition of vitamin B,; and in 
view of the recent finding by Ochoa & Peters [1938, 2] that a limited though 
definite synthesis of cocarboxylase from vitamin B, takes place in surviving 
brain tissue, this suggestion is at least plausible. Further support for cocar- 
boxylase as an essential constituent of the pyruvate oxidase system is to be 
found in the statements of Ochoa & Peters [1938, 1] and Westenbrink & Goud- 
smit [1938] that normal brain tissue contains c. 4 uwg./g. cocarboxylase, while 
the free vitamin B, content seems to be negligible. The main difference between 
the yeast and brain systems is that in the latter case oxidation accompanies 
decarboxylation [cf. Lipmann, 1937]. Lastly the oxidative decarboxylation is 
specific, x«-ketovalerate being hardly affected by the pyruvate dehydroge nase in 
brain. From this fact, the inference must be drawn that the protein part of the 
enzyme is different in yeast and brain. 

In regard to the methylene blue experiments, it is to be noted that pyruvic 
acid and «-ketobutyric acid cause decoloration at practically the same rate; 
hence this does not follow the total O, uptake, but only that produced by the 
postulated system A. Thus, support is obtained for the view that during the 
intensive washing with hypotonic salt solutions, the components of system B 
have been lost. 

SUMMARY 

1. Cocarboxylase is essential for the decarboxylation by yeast of «-keto- 
valeric acid as well as for pyruvic and «-ketobutyric acids. Vitamin B, increases 
the rate of decarboxylation of «-ketobutyric and «-ketovaleric acids only in the 
presence of cocarboxylase. CO, evolution with «-ketovaleric acid is slightly less 
than with the others. 

2. Pyruvic and «-ketobutyric acids are equally reactive with the pyruvate 
dehydrogenase system in brain under anaerobic conditions in the presence of 
methylene blue. «-Ketovaleric acid is much less reactive. 

3. The Krebs’ dismutation proceeds to the same extent with «-ketobutyric 
sae and pyruvic acid; again «-ketovaleric acid is less affected. 

4. Washed brain tissue causes oxidative decarboxylation of «-ketobutyric 
acid giving presumably propionic acid (next lower fatty acid). «%-Ketovaleric 
acid is oxidized to only a very slight extent. The purity of the acids used was of 
the greatest importance, high values for the R.Q. of «-ketobutyric acid being 
obtained in the presence of a slight impurity. 

5. a-Ketobutyric acid and «-ketovaleric acids enter into competitive in- 
hibition with pyruvic acid both in the normal and avitaminous brains respiring 
in vitro. There is no inhibition of the indophenol oxidase system. 

6. Pyruvic and «-ketobutyric acids are oxidized at exactly the same rate 
under identical conditions. In the former case, however, most of the initial 
oxidation product undergoes complete combustion to CO, and water. This 
indicates that there is an initial common path (A) for oxidative decarboxy- 
lation ; in the case of pyruvic acid a further system (B) causes complete oxidation 
of part of the intermediate. 


We are greatly indebted to Dr S. Ochoa for helpful criticism; to Mr H. W. 
Kinnersley for assistance with the pigeons; to Mr L. A. Stocken for chemical 
advice; to Messrs Hoffmann la Roche and Messrs Bayer for gifts of synthetic 
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vitamin B,, and to Messrs Merck for a gift of synthetic cocarboxylase. We are 
also grateful to the Rockefeller Foundation and to the Medical Research Council 
for grants in aid of the work. 


APPENDIX 


Wit R. W. WAKELIN 


Lipmann [1937] showed that thoroughly extracted rat brain catalysed the 
reduction of methylene blue in the presence of pyruvate; the control without 
pyruvate showed practically no residual reduction. Pigeon brain, on the other 
hand, would only yield preparations which gave about a three-fold quicker 
reduction time with pyruvate than the control. We have found that if the 
pigeon’s brain tissue is washed first with Ringer phosphate, pH 7-3, and then 
with either 0-2 or 0-3 % KCl, a hypotonic solution, residual substrates are almost 
completely removed. After this washing, it is best to shrink the preparation in 
tinger phosphate solution, as the hypotonic solutions lead to marked swelling 
of the tissue. For exact details of this preparation, see the text, p. 761. 
Variations of this procedure such as preliminary extraction with distilled water 
do not give satisfactory results. Not only substrates, but also the capacity 
for giving appreciable O, uptakes with pyruvate, are removed by our treatment; 
however, all the necessary components to give aerobic oxidation of succinic 
acid are present, though much reduced as compared with unwashed tissue. The 
pyruvate dehydrogenase present, unlike the complete oxidase system, is 
moderately resistant to freezing. Since O, uptake is here abolished without loss 
of the capacity for dehydrogenation, it is system B which is eliminated. It is 
interesting to note that we found in some experiments an inhibition of O, 
uptake with pyruvate due to methylene blue, in amounts which would give 
excellent results in the anaerobic experiments. 
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II. BLOOD PYRUVATE LEVELS IN THE RAT, 
PIGEON, RABBIT AND MAN 


THE physiology and biochemistry of vitamin B, have been recently reviewed 
[ Peters, 1938; Cowgill, 1938]. While the role of vitamin B, in the mammalian 
organism remains undefined there is now much evidence in support of the view 
that the primary biochemical lesion in B,-deficiency is the inability of the cell 
to metabolize pyruvic acid [Peters, 1936]. 

The accumulation of pyruvic acid in the blood in vitamin B,-deficiency was 
first shown by Thompson & Johnson [1935] in England, using rats and pigeons, 
and by Platt & Lu [1935] in China on human beri-beri cases. The above-mentioned 


authors were able to relate the increase of bisulphite-binding substances (B.B.s.), 
expressed as pyruvic acid, to B,-deficiency, by demonstrating that the raised 


level returns to normal after adsninisheation of vitamin B,. Pyruvie acid was 
isolated from the blood, cerebrospinal fluid and urine of fulminating beri-beri 
cases [Platt & Lu, 1935] and from the blood of avitaminous pigeons [Johnson, 
1936]. Later, in a more detailed paper, Platt & Lu [1936, 1] showed that contrary 
to the results obtained in avitaminous animals where the large increase of B.B.S. 
was probably due entirely to pyruvic acid, only a fraction could be accounted for 
as pyruvic acid in human cases when the latter is estimated by the hydrazone 
method | Peters & Thompson, 1934]. 

In view of the evidence of the peculiar relationship of pyruvic acid to vitamin 
B,, Platt & Lu [1936, 1] suggested that further investigations, especially of 
pyruvic acid itself, were needed before raised B.B.s. values could be reasonably 
attributed to lack of vitamin B,. The later investigations of Platt & Lu [1936, 2 
on the accumulation of pyruvic acid and the effect of vitamin B, on the pyruvic 
acid and carbonyl compounds in beri-beri blood clearly showed that the initial 
resting level of blood pyruvic acid gave an indication of the degree of deficiency. 
Furthermore the B.B.s. value did not so readily return to its normal level after 
intravenous B,-injection as compared with pyruvate. In this connexion, it may 
be mentioned ‘that de Jong [1936] found that the disappearance of symptoms 
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after the administration of vitamin B, to his pigeons sometimes preceded the 
lowering of bisulphite-binding capacity. 

Since then Wilson & Ghosh [1937] have published evidences of increased blood 
B.B.S. in cases of epidemic dropsy, but the contribution of pyruvic acid to this 
vicrease is as yet unknown. Wilkins ef al. [1937], who found an elevation of 
B.B.S. in conditions associated with ketosis, anoxaemia and uraemia, as well as 
B,-deficiency, also concluded that the estimation of blood B.B.s. is not specific for 
B,-deficiency. 

Owing to the complicated procedure involved in the quantitative estimation 
of pyruvic acid by the Neuberg-Case hydrazone method, and in spite of the 
accumulating evidences of the possible role of vitamin B, as its pyrophosphate in 
the decarboxylation and dehydrogenation of pyruvic acid in the mammalian 
organism, there exists in the literature very little information with regard to the 
actual change of pyruvate in the blood or tissues of the B,-deficient animals. This 
quantitative conception is of importance for a proper appreciation of the role of 
pyruvate in the metabolism of the normal and B,-deficient individuals. 


Experimental details 


Albino rats, weighing about 70-90 g., were devitaminized with a diet of the 
following composition: casein 18 %, salt 4%, agar 2 %, cod liver oil 2 %, 
arachis oil 3 %, sucrose 71 %, and addition of 60 ml. of autoclaved marmite 
100 g. (Marmite solution: mix 5 g. marmite with 10 ml. 43-5 °4 NaOH and 90 ml. 
water, autoclave for 1 hr.) Electrocardiograms were taken according to the 
method of Birch & Harris [1934]. Blood samples were obtained by decapitating 
the rats and collecting the blood in ice-cold trichloroacetic acid before the 
estimation. Pigeons were fed on thrice washed polished rice and marmite 
(3 g. per day) plus 1 drop of radiostoleum. Blood samples were obtained by 
decapitation after marked head retraction had developed. Rabbit blood was 
obtained from the ear vein. In view of the effect of muscular activity on blood 
pyruvate (see Tables ILI, IV) special care was taken to keep the animals under 
resting conditions in a dark room for at least 1 hr. before the collection of the 
blood. The rabbit was therefore kept during this time in a box which was just the 
size of its body so as to eliminate the possibility of its walking about in the cage. 
With the exception of a few acute beri-beri cases all specimens of blood from the 
human subjects were obtained after the patient had more than } hr. of rest in 
bed. 

All pyruvate estimations were made by the specific hydrazone method 
previously described [Platt & Lu, 1936, 1; Lu, 1939]. 

Pyruvate determinations in the blood of various species of normal and 
avitaminous states are summarized in Tables I and II. 


Table I. Pyruvate in blood of normal and avitaminous animals 


mg. pyruvic acid per 100 g. blood 


Normal Avitaminous 


Pigeons 0-87 (5) 5°39 (5) 
Rats 1-09 (5) 3-21 (4) 
Rabbit 0-98 (11) — 


The numbers in brackets denote the number of estimations. Subcutaneous 
injection of 100 1.u. of vitamin B, to rats restores the blood pyruvate level to 
normal in 4-6 hr.; 250 1.U. to pigeons only after 24 hr. 
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Table II.* Pyruvate in blood of healthy and vitamin B,-deficient human subjects 


mg. pyruvic acid per 100 g. blood 


Standard 


No. of cases 
State of deficiency studied Range Mean deviation 
Cured (normal) 60 0-4-0°75 0-55 L0-12 
Subacute (chronic) 84 0-77-1-93 0-93 -O-40 
Fulminating (acute) 38 1:00-5:77 2-72 1-13 


* The author is much indebted to Dr B. 8. Platt in collaboration with whom the data in 


Table IL were obtained. 


All the cases studied had at one time shown some degree of deficiency. For 
the assessment of symptoms in terms of vitamin B,-deficiency and the relation 
of the value of this test to clinical studies see Platt & Lu [1936, 1]. Several 
hours (6-8) are required to initiate the removal of pyruvic acid after intravenous 
injection of 1000 or 2000 1.vU. of vitamin B,. 


Effect of exercise on blood pyruvate 


The effect of exercise on blood pyruvate is interesting and important. Food 
intake and muscular activity are known to be associated with the increase in 
carbohydrate metabolism which leads to increased requirement for vitamin B,. 
In experiments with beri-beri cases, muscular activity appears to be one of the 
many factors which contribute to the development of acute symptoms. Strenuous 
exercise in man also leads to increase of pyruvic acid in the blood and an in- 
creased heart rate. 


Table III. Blood pyruvate of rabbits under basal and 
normal conditions 


Blood pyruvic acid, mg. per 100 g. 


Body weight 


Rabbit no. in kg. Basal Normal Difference 
] 1-257 1-03 1-43 0-40 
2 1-437 1-36 1-89 0-53 
3 1-32] 0-90 1-48 0-58 
Average 1-434 1-09 1-60 0-51 


From Table III it can be seen that the basal level (fasting, immobile) rises by 
50 % when the animal is allowed to feed and move about. Table IV shows that 
the average increase of pyruvate in the blood after 3 min. exercise is 4-68 mg. 
%. It required the injection of 180 mg. of pyruvic acid to produce the same 
rise. We must conclude, therefore, that at least 180 mg. are liberated during the 
3 min. exercise. A normal rabbit can remove this in 30 min. This is in agreement 


Table IV. Blood pyruvate of rabbits under normal conditions 
and after 3 min. exercise 


Blood pyruvic acid, mg. per 100 g. 


After 3 min. 


Rabbit no. Normal exercise Increase 
1 1-46 4-98 3°52 
2 1-33 2-74 3-41 
3 1-23 4-32 3-09 
Average 1-34 4-68 3°34 


N.B. The exercise consisted of holding the rabbit by the ear and letting it kick: when it refuses 
to do so it is brought on to a round glass jar where it struggles to find steady footing. 
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with the results of Johnson & Edwards [1937] on the exercise effect in healthy 
men, and of Wilkins et al. [1937] on pyruvate injected into normal men. Excess 
pyruvate in the blood up to 100 mg. per kg. body weight can be removed from 
the blood stream in 30 min. This must mean that 6 g. can be formed in a normal 
man in 30 min. 


DIscUSSION 


Pyruvic acid appears in very small quantities under resting normal con- 
ditions. Maintained raised levels are found in various states of hypovitaminosis 
and a temporary raised level after muscular activity. Administration of vitamin 
B, restores the raised blood pyruvate levels to normal as the apparent acute 
symptoms disappear. Wilkins et al. [1938] studied three cases with nutritional 
deficiency which gave pyruvic acid values by the hydrazone method of 0-73, 
0-46 and 0-72 mg. per 100 ml. It will be seen from Table II that these values are 
in the order of the non B,-deficiency range in man. So far as is known at the 
present time pyruvic acid increase in the blood under resting conditions has not 
yet been detected in any pathological state other than B,-deficiency. We there- 
fore appear to be justified in assuming that pyruvic acid accumulation in the 
blood is specific for B,-deficiency. The test has been used in clinical studies of 
vitamin B,-deficiency in man [ Platt, 1938]. 

It will be seen from Table II that a maintained raised level of blood pyruvate 
is associated with vitamin B,-deficiency in man. The fact that a very small 
amount of difference is obtained between the normal and the subacute cases and 
the complicated procedure for estimation of pyruvic acid by the hydrazone 
method have so far limited the applicability of this finding for assessing the 
state of B,-deficiency in clinical studies. However, the latter objection has now 
been met by the introduction of the new micro-estimation method for pyruvic 
acid in blood [Lu, 1939] and the former can be overcome by an exercise tolerance 
test. Platt & Lu [1936, 2] observed an increase of blood pyruvic acid following 
exercise in both normal and deficient human subjects; the level in the normal 
rapidly returns to its usual value, while in the deficient subject increased values 
are maintained or even further raised for some time after. The details of an 
exercise tolerance test based on this will be reported in the next paper of this 
series. 

However, it must be remembered that there is evidence of increase of pyruvic 
acid in the blood and urine of healthy individuals after severe exercise [Johnson 
& Edwards, 1937; Lu & Platt, 1936], and in the urine of uncompensated diabetic 
patients [Pi Sufer & Farran, 1936]. Furthermore, no significant change of blood 
pyruvate could be detected in the “atrophic type” of beri-beri where the nerves 
are primarily involved [Platt & Lu, 1936, 1] and which is supposed to be also due 
to vitamin B,-deficiency, although the natural history of this type is not yet clear. 

This requires some comment. Careful consideration of the data given in 
Table II shows that blood pyruvate values of some of the subacute cases come 
well within the range of values assigned for the fulminating cases. A detailed 
clinical discussion of some of these has been published [Platt & Lu, 1936, 1), 
others will be discussed in a separate report. For the present purpose it will 
suffice to mention that careful analyses of the biochemical and symptomatic 
syndromes of a large number of beri-beri cases indicate that this lack of identical 
behaviour in various types of deficiency may well be due to such factors as 
fever, toxaemia, endocrine disturbances and inanition, which are known to 
entail abnormal carbohydrate metabolism. Other vitamin deficiencies, e.g. A and 
C, were in some instances identified as existing in the same patient, especially 
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among the chronic, subacute type. How far other factors affect the whole 
syndrome is not known. Thus before it can be concluded whether increased 
pyruvate in the blood is specific for B,-deficiency it is necessary to single out 
characteristic biochemical and sy éptomatic sy ndromes and to correlate them as 
specific conditions for the identification of the deficie ney in an organism where 
other pathological conditions are likely to-play an important part. ‘For example, 
it might be said that the presence of pyruvic acid in diabetic urine gives ground 
for doubting the validity of using pyruvic acid estimations for research into 
vitamin B,-deficiency states. But on the other hand the increase in urinary 
pyruvate may well be due to secondary causes; thus the altered water metabolism 
may affect the individual in such a way that his daily requirement of vitamin B, 
is increased: hence his ordinary intake which may be sufficient for a normal 
individual becomes insufficient, and a state of unrecognized induced or secondary 
avitaminosis is set up. Of course there is also the possibility of a primary 
disturbance of the intermediate carbohydrate breakdown which would also 
involve the accumulation of pyruvic acid, 

Studies of the permutations and combinations of the numerous factors which 
may accompany vitamin B,-deficiency or be involved in it are urgently needed. 
In the meantime, ifenenpes drawn from the study of certain biochemical and 
clinical syndromes are useful as an aid to further advance, though they can only 
be regarded as preliminary and must be interpreted with caution. Nevertheless 
estimation of pyruvic acid in the blood forms a practical method for assessing the 
state of B,-deficiency in man. 

In the following section an examination is made of the blood pyruvate in 
correlation with the functional manifestation of cardiac disturbance under 
various conditions of B,-deficiency with and without inanition or toxaemia and 
also under normal conditions. In the latter, the increase of blood pyruvic acid 
was produced from without by injections of Na pyruvate. The results account to 
some extent for some of the obscure combinations of conditions mentioned. above. 



























III. THE RELATION OF BLOOD PYRUVATE 
TO CARDIAC CHANGES 







In the case of vitamin B,-deficiency, one of the most important and promi- 
nent symptoms is the disturbed function of the heart. The disturbances are not 
the same in all species; thus in pigeons (fed on polished rice) a vagal heart block 
seems to occur [Carter & Drury, 1929]; or bradycardia [Sankaran & Krishnan, 
1936]; and in rats bradycardia of sinus origin [Drury e¢ al. 1930]. While the 
cardiac changes in pigeons have been attributed to a special pigeon factor the 
bradycardia in rats is generally held to be specific for B,-deficiency. Cardiac 
change in human beri- be ri had long been known and was described in detail 
[Asslmeer & Wenckebach, 1928; Wencke bach, 1934; and Hashimoto, 1937]. 
Enlargement of the right side of the heart regularly occurs in human cases but 
has been observed only once in pigeons [McCarrison et al. 1928]. Studies on the 
nature of the electrocardiographic changes in rats [Zoll & Weiss, 1937] and in man 
[Raman, 1936; Weiss et al. 1936; Weiss & Wilkins, 1937] have shown that the 
cardiac changes in rats are similar to those observed in man. The essential 
difference is that in man a tachycardia exists. Platt & Lu [1936, 1, 2] reported 
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that this tachycardia of severe beri-beri cases gave place to a transient brady- 
cardia during recovery after treatment with vitamin B,. Weiss & Wilkins [1937] 
have made a systematic study of the nature of the various cardiovascular 
disturbances and the effect of vitamin B, on them. Cardiac changes existing in 
cases with no B,-deficiency symptoms did not respond to B,-administration. They 
state that, as far as is known, B,-hypovitaminosis is the only vitamin deficiency 
which is followed by cardiac disturbances. They think it probable that the 
myocardial disturbances reported in rickets and scurvy are caused by simul- 
taneous vitamin B,-deficiency. However, there is also evidence of a tachycardia 
attributable to vitamin C-deficiency in guinea-pigs [Sankaran & Krishnan, 
1936] and a bradycardia in rats attributable to inanition and not curable by 
vitamin B, [Parade, 1937]. 

Cowgill, on the other hand, has evidence that the heart is not involved in B,- 
deficiency in dogs. While it is important to recognize that because tachycardia is 
attributable to vitamin C-deficiency in guinea-pigs it does not necessarily follow 
that vitamin C-deficiency would give rise to tachycardia in man or other 
mammals; yet it is clear that unless coexisting pathological conditions such as 
other deficiencies are known, the specific biochemical lesion due to the deficiency 
of one entity cannot be solved. In animal experiments this difficulty is not so 
serious, although it arises on account of our still relatively imperfect knowledge 
of synthetic diets. When dealing with human cases, the probability of mixed 
deficiency is much greater. Knowledge of factors modifying typical biochemical 
or functional changes is of great importance in recognizing the conditions. 

The restoration of cardiac function in human B,-deficiency can vary a great 
deal; while the apparent acute symptoms disappear as the pyruvate level in the 
blood returns to normal, yet cardiac function may or may not be normal even 
after several days. It was observed in a few of the chronic beri-beri cases where 
the heart did not immediately resume its normal function after vitamin B, 
treatment, it slowly did so after a period of large vitamin C intake (given for 
other experiments). Some patients, however, also recovered after various times 
without this addition of vitamin C. Whether this delayed cure is due to the 
accompanied dietary change after B, or organic changes in the heart tissue itself 
resulting from chronic deficiency is not yet known. 

In an attempt to correlate the biochemical lesion and the clinical mani- 
festation of B,-deficiency Lu & Dju [1937] studied the relation of blood pyruvate 
level and the heart rate in rats, and reported that the lowered pulse rate is in 
most cases related to the accumulation of pyruvate in the blood of the B,- 
deficient rats. 

In the present study, blood pyruvic acid values of rats kept under different 
conditions were determined, and are given in the following tables. 


Table V. Pyruvate in the blood of acute deficiency rats 


mg. pyruvic acid per 100 g. 





No. of rats Pulse rate —— — —_————, 
examined per min. Range Average 

5 550-500 0-98-1-19 1-09 (normal) 

] 500-450 1-11 1-1] 

3 450-400 0-99-1-65 1-25 

3 400-350 l- -1-6] 1-60 

3 350-300 1-82—2-69 2-20 

4 300-350 2-59-4-05 3°21 


On the diet given above, rats developed the deficiency in 3 weeks. In order 
to ascertain that the cardiac changes were due to the deficiency, vitamin B, 
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was subsequently given in every case to ensure a restoration to normal. All 
the rats were killed within 10 days from showing the first signs of cardiac 
change, so that no appreciable loss of body weight occurred during the experi- 
ment. This class of animals was regarded as comparable with the fulminating type 
of beri-beri in man. 


The results given in Table V show a clear relation between the content of 


pyruvate in the blood and the pulse rate; the blood pyruvate increases as the 
bradycardia of avitaminosis B, sets in. From the normal level of about 1 mg. 
100 g. it rises to 4 mg./100 g. in the most extreme cases. 


Table VI. Pyruvate in blood of chronic deficiency rats 


mg. pyruvic acid per 100 g. 


No. of rats Pulse rate - 


Average 


examined per min. Range 
] 450-400 2-4 2-4 
4 400-350 1-25—-4-06 2-75 
3 350-300 1-98-3-31 2-65 
0 300-250 — —- 
1 250-200 5-00 5-00 


Table VII. Pyruvate in blood of infected and hypovitaminous rats 


No. of rats 


Pulse rate 


mg. pyruvic acid per 100 g. 


examined per min. tange 
l 450-400 1-82 
2 400-350 0-64-3-54 
2 350-300 2-00 
] 250-200 2-00 
3 200-150 1-7—2-38 1-79 
i* 380-175+ 0-82 0-82 


* Moribund rat. 


7 Taken 40 min. after 0-2 ml. Betaxin. 


The effect of long-continued deficiency was next studied in a group of rats 
maintained for 2 months on the deficient diet, but allowed from time to time a 
supply of vitamin B, to keep them at a pulse-rate level of approximately 400 


beats per min. Such rats developed marked polyneuritis, lost about a third of 
their body weight and were regarded as more comparable with subacute cases of 


human beri-beri. As Table VI shows, the blood pyruvate, in spite of a rather 
wide individual variation, varies with the pulse rate though the ratio is not quite 
the same as in the previous experiment; for a given pulse rate the pyruvate now 
tends to be higher. This demonstrates that a secondary condition, such as 
inanition, can have an effect on both the heart and the pyruvate. 

Since concurrent fever and infection is not uncommon in human beri-beri, 
a third group of rats was studied. After a month on the deficient diet, rats 
become particularly susceptible to cold, and are liable to develop infections. 
Post mortems on such rats showed infective lesions of liver and lung. Thus the 
third group had avitaminosis, inanition and toxaemia. 

The figures given in Table VII show that now there is little correlation to be 
seen between blood pyruvate and heart rate. The normal value for pyruvate may 
even be obtained in moribund rats which have received a dose of vitamin B, but 
which are continuing to show a fall of pulse rate. These observations help to 
account for some obscure beri-beri cases where, after prolonged illness and 
infection, even excessive doses of B, will not bring about effective cure. 


Average 
1-82 
1-91 
2-00 
2-00 
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The averages of the foregoing tables are plotted in Fig. 1, which illustrates 
strikingly what has been said above. 

By the use of the newly developed micro-method [ Lu, 1939] for the determina- 
tion of pyruvic acid in small quantities of blood it was possible to follow the blood 
pyruvate changes in individual rats at various stages of deficiency as indicated 
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by the bradycardia, and at the different stages of recovery after the subcu- 
taneous injection of vitamin B,. To obtain successive blood samples the following 
technique was found to be very serviceable: xylol was applied to the rat’s tail, 
causing the blood vessels to dilate; after a minute or two the tail was cleaned 
and dried under sterile conditions. If 2 mm. of the tail tip from which 1 in. had 
previously been severed, are suddenly cut off, two or three drops of blood are 
obtained. The wound is then closed with collodion solution, and the process is 
repeated when more blood is required. The results from two rats rendered 
deficient without much loss of weight or any other complication are given in 
Table VIIL. Similar analyses made on chronic and infected rats gave results of 
the same order as those described above. 

Experiments of the type reported in Table VIII clearly confirm the previous 
experiments and show that the bradycardia of vitamin B,-deficiency in rats 
runs parallel with the biochemical changes observed in the blood, and that 
vitamin B, removes the bradycardia and restores the blood pyruvate level to 
normal only in pure B,-deficiency, and not in the chronic or infected rats. Birch 
& Harris [1934] observed the same correlation of bradycardia with lactic acid in 
the blood. 
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Table VIII 


Blood pyruvic acid, mg. per 100 g. 
Pulse rate per min. a ee 


c 
approx. Rat I Rat II 
500-550 0-98 1-03 
450-500 1-17 21 
400-450 1-54 1-63 
350-400 2-07 2-14 
300-350 3°24 3°28 
*350—400 2-14 2-20 
*400—450 1-50 1-59 
*450-500 1-21 1-30 
*500-550 1-02 0-99 


* After administration of vitamin B (100 1.v. injected subcutaneously). 


It is worthy of note that the return of the heart rate to normal after in- 
jection of B, takes place within 4 hr., which seems to indicate that this cardiac 
disturbance is the result of a “biochemical lesion’. Whether the lack of similar 
response of cardiac disfunction to B,-therapy in the chronic and infected cases is 
attributable to organic change of the heart tissue itself is not known. In this 
connexion, mention may be made of the delayed return to normal function of the 
heart in chronic beri-beri cases. 


Effect of injected pyruvate on heart rate 


Next it was thought necessary to know the effect of injected pyruvate on the 
heart-rate. It appears from injections of pyruvate in man [Wilkins e¢ al. 1937] and 
dogs [Flock et al. 1938] that no toxic effects follow, but such effects have been 
said to occur in the rabbit [Kermack et al. 1927]; this was not confirmed in the 
present work. Toxic effects might perhaps be expected since we know that pyruvic 
acid polymerides are toxic [Peters, 1936; Lipschitz et al. 1938], especially as the 
heart is a sensitive organ and readily affected by changes in the internal medium. 
The effect on the heart would however be likely to be transient since the meta- 
bolic disappearance of pyruvic acid from the blood stream is so rapid. The pyru- 
vate solution used was prepared in the same manner as described previously 
[Lu, 1939] and injected as 40 mg./ml. in 0-9°% NaCl. 

Rabbits were suitable for these experiments because of the possibility of in- 
jection into the vein of one ear and the taking of the blood from the other after the 
shortest interval of time. Electrocardiograph tracings were taken before, during 
and after injection of pyruvate in amounts of 80 mg. per kg. body-weight. Of 
the six rabbits studied, with the exception of one which had a skin lesion at the 
corner of its mouth, and was later proved to be diseased, all showed no change in 
heart rate, even after the blood pyruvate was raised to 4 or 8 times its normal 
level. (See Fig. 2.) Thus it seems to follow that pyruvic acid up to 10 mg./100 g. 
in the blood is not toxic, and is not the cause of the cardiac disturbances in 
B-deficiency unless the rabbit heart is entirely different from that of the rat 
and man. 

It will be seen from Fig. 2 that the rabbit metabolizes 95 °% of the injected 
pyruvate during the time of injection (2-3 min.). There is a steady fall of blood 
pyruvate during the first 5 min. until the level reaches that which is found in the 
deficiency states (1-2 mg./100g.), then the fallis very slow. These experiments show 
that a normal rabbit can metabolize 100-150 mg. or more pyruvate in 20 min. 

From this it seems to follow that increased blood pyruvate cannot be the 
direct cause of bradycardia, and hence possibly not of any cardiac disfunction. 
It is more likely that the two phenomena have some common causative factor. 
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Since the preliminary communication of the results in this paper was made 
[| Lu, 1938] a paper appeared by Kalaja & Narvanan [1938] in which the conclu- 
sion is reached from the effects of subcutaneous injections of various metabolites 
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Fig. 2. Pyruvate of normal rabbits after injection. e—e Curve I. 250mg. pyruvate injected 
(24 min.). o o Curve II. 160 mg. pyruvate injected (2 min.). 

which are known to accumulate in B-deficiency on the heart rates of rats, 
pigeons and rabbits, that the rat heart is singularly susceptible to various com- 
pounds, and that pyruvic acid has a powerful effect. 100-150 mg.were the smallest 
amounts to cause a definite and regular change of heart rate. An example was 
given of one rat which had 300 mg. of pyruvate and showed a gradual slowing of 
the heart rate lasting from 30 min. to 3 hr. after injection. These authors also 
state that in spite of the heavy subcutaneous dose the ketonic acid content of the 
blood increased relatively little during the experiment. As this finding has a 
special bearing on the specific relation of the biochemical lesion produced by B,- 
deficiency to the functional change of the heart, the following groups of rats were 
given subcutaneous injections of different doses and samples of Na pyruvate. 
Typical data for the cardiac and blood changes are illustrated in Table IX. 

The examples cited in Table LX illustrate several important points, the first 
of which is concerned with pyruvic acid itself. Lipschitz et al. [1938] and Peters 
[1936] observed the toxiceffects of pyruvate polymerides on tissues in their in vitro 
experiments. Since the same concentration neutralized under proper conditions 
when injected gives rise to no toxic symptoms, this fact may in part explain 
Kamiya’s [1937] observations of the action of pyruvic acid on blood vessels. 
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Table LX 


Amount Time 


of after the 
pyruvic injection B.B.S.* 
acid in- when expressed 
jected as sample Change of Blood — as pyruvic 
Na salt obtained heart rate — pyruvate acid 
Groups mg. min. per min. mg./100 g. mg./100 g. Remarks 

I, 180 10 - 45 4-6 17-08 All rats of this group had 

l, 180 30 - 105 7-2T 34-16 immediate reactions of 

E 180 60 — 200 10-07 59-47 shivering which later de- 
veloped into convulsions. 
30 %, of the injected rats 
died within 20 min. 

II, 170 5 + 20 nil 12-6 — 

Il, 68 60 + 25 nil 9-1 - 

Il, 34 60 + 10 nil 5-2 - 

Il, 102 120 -175 11-4 - Convulsions at the end of 
the experiment when the 
tail is touched 

II. 68 120 —- 15 nil 6-47 trace 

III, 75 5 + 20 nil 11-3 18-9 

ii, 30 10 + 40 24-0 36-2 

Ill, 30 120 + Onil 9-8 14:7 

Ill, 75 120 - 130 14-87 62-0 Convulsion on touching 
the tail after 14 hr. 

* 


B.B.S. was not estimated in samples from group IL. 

+ These samples showed intense purple colour of methylglyoxal bishydrazone with alcoholic 
KOH when tested by the method of Barrenscheen & Dreguss [1931]. Group I. The pyruvic acid 
solution used was prepared by neutralizing a 1: 3 dilution of twice freshly redistilled pyruvate to 
pH 7-4 with 20 % NaOH; this contains 180 mg. per mi. Group Il. B.D.H. Na pyruvate, which has 
85 % of its B.B.S. as pyruvate. Group III. Pyruvic acid used was prepared by diluting the twice 
redistilled pyruvic acid and neutralizing to pH 7-4. Just before use it was so diluted that 1 ml. 
contained 100 mg. 


When a pyruvic acid solution neutralized in the concentrated form was diluted 
and injected into rabbits it produced tremor and vasoconstriction. Examples 
given in Table LX demonstrate the toxic effect of such preparations in living rats. 
Since the whole musculature of the rats was involved, the change of heart rate 
cannot be regarded as due to the specific effect of pyruvate. Furthermore there 
exists also a much greater proportional change of B.B.s. which also may exert 
a profound effect. The second interesting point is that the blood pyruvate level 
can be raised to 2 or 4 times that which was found in B,-deficiency lasting for 
1 or 2 hr. (II,, I, and IIT,) without affecting the heart rate. Yet larger doses, 
lasting for longer periods (compare II, and II, ; 111, and IIL,) with practically no 
difference in blood pyruvate value, had a marked effect on the heart. As I have 
mentioned above, if the heart change is a chemical effect it should be transient 
and should respond rapidly to definite levels of pyruvate concentration in the 
fluid in which the heart is bathed. 


DIscUSSION 


The in vitro experiments of Weil-Malherbe [1937] using brain tissue and 
Lipschitz et al. 1938] using liver and kidneys clearly show that removal of added 
pyruvate involves other substrates. Wilkins e¢ al. [1938] have evidence that 
pyruvic acid is converted into other ketonic substances by blood both in vitro and 
in vivo. My own results, obtained from blood of rabbits and rats, also show that 
pyruvate is quickly converted into other bisulphite-binding compounds. In some 
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instances where the B.B.S. value occupied a dominating place in the blood changes, 
a methyglyoxal-like substance was obtained. In view of the above-mentioned 
facts it is obvious that pyruvate itself, in the amounts in which it occurs in 
vitamin B,-deficiency, has no effect on the rat heart. The slowing of heart rate 
produced by excessive doses (above 100 mg. for a rat weighing 50 g.) should be 
interpreted as due to secondary changes caused by the efforts of the organism to 
remove such an unexpected load of pyruvate. 

The experiments reported in these two papers with rats suffering from B,- 
hypovitaminosis uncomplicated by any other condition, in which a close corre- 
lation was shown to exist between blood pyruvate level and heart rate, demon- 
strate that these changes are causally associated with B,-deficiency. 

At the same time it is clear that the pyruvate and cardiac changes may be 
complicated and even obscured by other concurrent conditions. In any given 
case in man, only the combination of blood pyruvate measurements, exercise 
tolerance tests and clinical symptoms can reliably differentiate between true 
vitamin B,-deficiency and other conditions which in some respects may simulate 
it. The very rapid return to normality, both of the pulse rate and the blood 
pyruvate, when the vitamin is given to acute cases, strongly supports the view 
that the lesion there is biochemical or “‘functional’’. If the deficiency is allowed 
to continue until “‘organic”’ or histological changes have set in, then administra- 
tion of the vitamin may remove the acute symptoms by restoring the blood pyru- 
vate to the normal level, but will not reverse the cardiac changes. If, however, 
blood pyruvate levels raised many times above the concentration found in 
deficiency states in rabbits and rats give rise to no change of heart rate. The 
raised pyruvate levelwcan hardly, therefore, be the direct cause of the heart rate 
changes. On the other hand, the results reported in these papers support the 
view that the pyruvate test is specific for B,-deficiency, presumably because the 
deranged metabolism of this deficiency involves the accumulation of pyruvic 
acid in the blood, and the test can be applied for assessing B,-deficiency in man. 

‘ 


SUMMARY 4 


1. Blood pyruvate values for normal and avitaminous animals are presented. 

2. Blood pyruvate and bradycardia run parallel in rats suffering from vitamin 
B,-deficiency. 

3. Injection of pyruvate into the circulation of normal rats and rabbits, 
however, even above the highest levels occurring in vitamin B,-deficiency, has 
no effect on the heart rate. » 3 

4. It is unlikely therefore that the raiked blood pyruvate in B,-deficiency is 
the direct sause of the..cardiac symptoms; it’ is itself Father the result of the 
metabolic derangements characterizing this condition. 

5. This is supported by the fact that blood pyruvate in man may reach the 
normal level long before the pulse rate does so. 

6. Even moderate muscular exercise considerably increases the blood 
pyruvate. 


The author is indebted to the Henry Lester Institute of Medical Research, 
Shanghai, for a travelling Fellowship and to Sir F. G. Hopkins for the hospitality 
of his Institute. She also wishes to thank Dr L. J. Harris for facilities and help at 
the Nutrition Institute in the case of some of the rat experiments. 
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XCIX. ISOLATION AND PROPERTIES 
OF A FLAVOPROTEIN FROM 
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StncE Warburg & Christian [1932] isolated the first flavoprotein from yeast 
(flavinphosphoric acid as its prosthetic group) and Banga & Szent-Gyérgyi 
[1932] observed the presence of flavin in muscle tissue, there has been much 
speculation on the possible role of a flavoprotein in the mechanism of oxidations 
in animal tissues. As yet, however, there is no information on the state and 
function of flavoprotein in animal tissues. 

I have purified from heart muscle tissue a flavin compound, the coenzyme 
of the d-amino-acid oxidase, which is neither free flavin, nor flavinphosphoric 
acid [Straub, 1938]. Warburg & Christian [1938, 1] at the same time isolated the 
same compound and later [Warburg & Christian, 1938, 2, 3] described it as a 
flavinadenine dinucleotide. I have pointed out that in muscle tissue the di- 
nucleotide is attached to some other protein than that of d-amino-acid oxidase. 
In the present work I shall describe the isolation and properties of a flavoprotein 
from heart muscle tissue,! which has this flavinadenine dinucleotide as its 
prosthetic group. In a preliminary note it has been already reported that this 
flavoprotein is the physiological agent for the oxidation of cozymase in animal 
tissues; it is in fact identical with the so-called diaphorase or coenzyme factor 
[Straub et al. 1939]. 

Catalytic test 

The concentration of the flavoprotein during the process of purification was 
followed with the help of the d-amino-acid oxidase test. The O, uptake was 
measured in Barcroft manometers containing coenzyme-free d-amino-acid 
oxidase [Straub, 1938] and dl-alanine, at 38° in phosphate buffer of pH 7-4. 
When flavinadenine dinucleotide is added to this mixture, it will combine with 
the protein to form d-amino-acid oxidase, thus oxidizing the alanine. The velocity 
of the oxidation is proportional to the amount of dinucleotide added. 

If, instead of dinucleotide; a flavoprotein, which has the dinucleotide as its 
prosthetic group, is added to the test, no O, uptake is observed. If the flavo- 
protein solution is first heated in a boiling water bath for 3 min., the protein 
becomes denatured, thus liberating free dinucleotide. If this ‘‘ boiled” solution 
is added to the test, the O, uptake will indicate the amount of dinucleotide, i.e. 
the amount of flavoprotein which was present in the solution. 

The correlation between O, uptake and concentration of dinucleotide in the 
test solution has been studied by Warburg & Christian [1938, 3]. They find that 

c=k.— : 


8-2z 
where k is a constant, x is the O, uptake in 10 min. in a test containing ¢ mol. 
dinucleotide per litre and s is the O, uptake in 10 min. in a test, which contains 
1 Preliminary note [Straub, 1939]. 
( 787 ) 
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the same amount of d-amino-acid oxidase as the former and an excess of di- 
nucleotide. As this formula is valid only for one particular concentration of 
d-amino-acid oxidase, I have used it in a different form: 

pe lfm s 


c=k.— “100” 


where c, s and x have the same meanings as before. The factor 100 is introduced 
only to give k a practicable value, namely, the concentration of dinucleotide in 
the test solution (mol./l.) which gives 50 wl. O, uptake in 10 min., when the 
same amount of enzyme with an excess of dinucleotide gives 100 pl. O, absorption 
in 10 min. The modified formula gives the same value of k for different values of 
s, i.e. for different amounts of d-amino-acid oxidase, within reasonable limits. 
The value of s in the present work was usually 100-150 yl. O, in 10 min. The 
value of & in this formula was found to be 2-37 x 10-7 under the experimental 
conditions mentioned above, and with air in the gas space of the manometers. 
Table I gives the results of one such test. 


Table I 


Manometer no. , ee 1 


Coenzyme-free d-amino-acid oxidase (ml.) 1-0 
Purified dinucleotide solution (50 wg. lacto- ~- 

flavin/ml.) 
Heated flavoprotein solution (0-047 mg. 

protein/ml.) 
4-5 % dl-alanine solution 0:3 
Phosphate buffer 2- 0-5 
pl. O. uptake in 10 min. at 38 67-3 
pg. lactoflavin in form of dinucleotide -- 0-39 
% lactoflavin in flavoprotein - 0-57 


Spectrophotometrically found: 0-54% lactoflavin. 


The fact that purified flavoprotein solutions, when added to the test, do not 
give rise to any O, absorption, means that the dinucleotide has a much greater 
affinity towards the protein of the flavoprotein than towards the protein of the 
d-amino-acid oxidase. If in the test a d-amino-acid oxidase is used which is not 
completely free from its coenzyme and consequently still shows some O, 
absorption without any addition of dinucleotide, this O, uptake will diminish 
on addition of a purified flavoprotein solution. Thus it appears that a small 
fraction (0-5-1°%) of the flavoprotein has lost its prosthetic group during the 
purification and this free protein is able to bind flavindinucleotide at the 
expense of the d-amino-acid oxidase. 

When the flavoprotein is heated during the purification, part of it becomes 
denatured, and the solution will therefore contain free dinucleotide as well as 
flavoprotein (bound dinucleotide). For this reason a control experiment was 
carried out on each occasion, adding in one test the flavoprotein solution before, 
and in the other after, boiling. The first result gives the amount of free dinu- 
cleotide, the second the sum of free and bound forms; the difference represents 
the amount of undenatured flavoprotein. 

From the nature of the test it appears that any protein which has the dinu- 
cleotide as its prosthetic group would be included in the determination. The 
purification however yields only one flavoprotein, which behaves uniformly. 
There is no indication that any other similar flavoprotein except that described 
is present in the solutions obtained. 
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Purification 


Eleven pigs’ hearts are freed from connective tissue and fat and then minced. 
The muscle tissue is washed 3 times with 15-20 vol. tap water for 20 min. each time 
with vigorous mechanical stirring. The water is pene out through a thin cloth. 

1660 g. of the washed mince are ground with 2-51. M/50 Na, SHPO, solution 
and about 500 g. sand in a mechanical mortar for 1-1} hr.! The oul is then 
thoroughly mixed with 2-5 1. distilled water and centrifuged. 

The 4-7 1. of supernatant suspension (A) are mixed with 118 ml. W acetate 
buffer (pH 4-6) and centrifuged. The precipitate is suspended in 1660 ml. dis- 
tilled water to which 33 g. (NH,).SO, and 50 ml. ethyl alcohol are added and the 
mixture is heated on a water bath to 43° for 10-15 min. The insoluble muscle 
proteins are thus denatured and at the same time the flavoprotein becomes 
dissolved. When centrifuged, 1370 ml. of a somewhat opalescent strong yellow 
solution containing the enzyme (B) are obtained. 

The solution is cooled down and then mixed with 45 ml. of an aluminium 
hydroxide (C,) gel. (1-0 g. Al,O,). After } hr. the alumina is centrifuged down. 
The solution is then mixed with a further 22 ml. alumina and again centri- 
fuged. The enzyme is absorbed on the alumina and it can be eluted with alkaline 
phosphate. With successive lots of 50 ml. M/5Na,HPO, solution the elution is 
carried on until the eluate appears to be colourless. The eluates are combined, 
making altogether 240 ml., and dialysed against distilled water until salt-free (C). 

The precipitate, which is formed during the dialysis, is not removed but it 
will redissolve on addition of 2-8 g. (NH,),SO, to the 280 ml. dialysate. The 
solution is now heated on a water bath for 5 min. to 60° and centrifuged after 
it has cooled down. The precipitate is discarded and 76 g. solid (NH,).SO, is 
added to the solution (0-45 sat.). After standing in the ice chest for 1 hr., the 
precipitate is filtered off? and the solution (285 ml.) is mixed with 71 g. (NH,),SO, 
(0-8 sat.). The precipitate is filtered off and the solution discarded. The yellow 
precipitate is washed from the filter paper with distilled water in about 30 ml. 
and dialysed overnight against 1-5 1. distilled water. The precipitate thus formed 
contains no enzyme, it is centrifuged off and discarded. The solution is then 
further dialysed against fresh distilled water. The precipitate which is now 
formed is usually yellow and contains some enzyme. It is not removed, but the 
dialysis continued until the solution is salt-free (D). 

0-1°% NH, is added drop by drop to the dialysate until the precipitate 
dissolves. The solution is now heated for 5 min. to 60—62° without any salt 
addition and the precipitate centrifuged off. 10-9 g. (NH,),SO, are added to the 
35 ml. solution (0-5 sat.) and the precipitate filtered off and discarded. From the 
40 ml. filtrate the enzyme is precipitated by adding 4 g. (NH,),SO, (0-65 sat.). 
The yellow precipitate is filtered off and washed from the filter with distilled 
water. The solution thus obtained (15 ml.) is dialysed thoroughly against dis- 
tilled water. A small yellow precipitate is formed, which is centrifuged off, 
leaving 20 ml. of the flavoprotein solution (EK). It is advisable to add a few 
drops of dilute alkali or phosphate, when it will remain clear. 

! The time of grinding depends on the type of the mortar and cannot therefore be definitely 
stated. It is carried on until a small sample shows, after centrifuging, only a thin layer of myosin 
above the layers of sand and heavier muscle tissue lumps. If the grinding is continued until the 
whole mass becomes a uniform paste, too much myosin is extracted which cannot properly be 
centrifuged down, so that the supernatant suspension will be only half the volume of the added 
solutions, thus reducing the yield. 

2 All the filtrations have been done with Whatman no. | filters. No suction can be applied. 
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Table II. Yield and flavin content during the purification 


mg. lactoflavin Yield of 


Protein dry present as bound Lacto- 
weight protein-bound dinucleotide flavin 
g. dinucleotide %, % 
1660 @. washed muscle 320 6-9 (100) 0-0022 
(A) Phosphate extract 39 2:8 42 0-007 
(B) Aleohol-(NH,),SO, solution _- 0-97 14 — 
(C) Alumina eluate 1-05 0-65 9-4 0-062 
(D) First (NH,),SO, fractionation 0-27 0-56 8-1 0-21 
(E) Second (NH,),S8O, fractionation 0-098 0-53 7-6 0-54* 


* Spectrophotometrically determined. 


Properties of the flavoprotein 


The colour of the flavoprotein solution is yellow, although it appears greenish 
because of the strong greenish fluorescence. The spectrum of the flavoprotein! 
is reproduced in Figs. 1 and 2. It shows maxima at 274, 359 and 451 my and 
minima at 250, 316 and 398 my. When examined under the low-dispersion 
microspectroscope, two distinct bands are seen in the visible region of the 
spectrum, one at 480-490 my, the other at 440-460 my. The existence of these 
bands in muscle extracts has been previously observed by Keilin & Hartree 
[1939]. 

From the absorption at 451 my the lactoflavin content of the purified pre- 
parations has been determined, by assuming that the value for this maximum 
is the same as in any other flavoprotein, i.e. 65,4;= 2-4 x 10’. The flavin content 
thus found in the purest preparations is 0-54 +0-02 % lactoflavin. (Expressed 
as lactoflavinphosphate 0-66%.) The molecular weight calculated from the 


100x376 
a = 70,000. 


That the flavinadenine dinucleotide is the prosthetic group of the flavo- 
protein is shown by the fact that it can quantitatively replace the coenzyme of 
the d-amino-acid oxidase. No attempt has been made to isolate the prosthethic 
group from the purified enzyme. 

The flavoprotein is reduced to the leuco compound by Na,S,O, and it is 
reoxidized when shaken with air. It is also reduced to the leuco form by dihydro- 
cozymase. 

The fluorescence of the flavoprotein solutions is just as strong as that of the 
free flavin. It is not due to the presence of free flavin and it is completely 
extinguished on the addition of reduced cozymase. The old yellow enzyme of 
Warburg & Christian does not show any fluorescence. The difference might be 
explained if the alloxazin ring is not bound to the protein in the case of the 
heart flavoprotein as it is in the case of the old yellow enzyme [Kuhn & Boulanger, 
1936]. This supposition is supported by the fact that the absorption band of the 
flavoprotein coincides with the bands of the free flavin. 

The flavoprotein is in an insoluble state in the tissue, but this is not an 
intrinsic property of the enzyme. During the purification, when heated with 
3% alcohol, the enzyme is detached from the insoluble muscle proteins and 


becomes soluble in salt solution. After remov ing impurities it is soluble even in 


salt-free solutions. 
The N content of the purified flavoprotein was found to be 15-7 % 


flavin content is 


1 The spectrum was taken with a Hilger “Spekker” apparatus. I am indebted to Mr H. 8. 


Corran for carrying out the measurements. 
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The heat stability of the flavoprotein is remarkable, and it increases during 
the purification. When it is already in a soluble form, heating for 5 min. to 60 
does not cause any destruction, while heating for 5 min. to 70° only destroys 
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Fig. 1. Absorption spectrum of a 0-0265 % solution of the flavoprotein (d =2 em.). 
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Fig. 2. Absorption spectrum of a 0-47% solution of the flavoprotein (d =2 em.). 


about 10%. The heat stability of the purified preparation will be discussed in a 
subsequent paper. 


I wish to express my deep gratitude to Prof. D. Keilin for his constant help 
and interest in this work. 
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THE oxidation in animal tissues of metabolites such as lactate, malate, B- 
hydroxybutyrate, triosephosphate etc., can be resolved into at least three 
consecutive reactions: 

(1) Metabolite + coenzyme I oxidized metabolite + reduced coenzyme I. 

(2) Reduced coenzyme I+ carrier — coenzyme I+reduced carrier. 

(3) Reduced carrier +O, — carrier. 
The first reaction is catalysed by a family of enzymes, each of which is specific 
for a particular metabolite. For example, the lactic enzyme catalyses the 
oxidation of lactate by coenzyme I; the malic enzyme the oxidation of malate, 
etc. There are three components in this reaction, viz. enzyme, metabolite and 
coenzyme I, and the sole chemical change is the catalysed transfer of hydrogen 
from the metabolite to the coenzyme. The second reaction is not spontaneous, 
but requires a special catalyst, referred to as coenzyme factor or diaphorase 
| Euler & Hellstrém, 1938; Dewan & Green, 1938]. The mechanism whereby the 
coenzyme factor catalysed the oxidation of reduced coenzyme was obscure 
owing to lack of information concerning the chemical nature of the catalyst. 
Recently Straub [1939, 1, 2] isolated from heart muscle a highly purified flavo- 
protein compound with properties which at once suggested its identity with the 
coenzyme factor. This flavoprotein is rapidly reducible by dihydrocoenzyme | 
and its leuco- or reduced form is rapidly oxidizable by suitable carriers. Reaction 
(2) therefore cau be further resolved into two constituent processes : 

(2a) Reduced coenzyme I + flavoprotein + coenzyme I +leucoflavoprotein. 

(26) Leucoflavoprotein + carrier — flavoprotein +reduced carrier. 


To complete our knowledge of how certain metabolites are oxidized by molecular 
oxygen via coenzyme I, it will be necessary to know what substance or sub- 
stances in animal tissues can assume the role of carrier. In reconstructed systems 
artificial carriers such as methylene blue are employed. There is evidence that 
the cytochromes are the physiological equivalents of methylene blue, but the 
possibility remains that the hypothetical reaction between dihydrocoenzyme 
and the cytochromes is complex. 


I. CATALYTIC PROPERTIES OF HEART FLAVOPROTEIN 
For the following experiments a preparation of heart flavoprotein at the 0-66 % flavinphosphate 
level of purity was used (cf. Straub [1939, 2] for the details of the method of isolation and purifi- 
cation). The concentration of the flavoprotein in solution was estimated spectrophotometrically 
from the light absorption at 450 mp, the absorption coefficient at 450 mu being taken as 
2-4 x 107. The concentration of flavoprotein was also estimated by an independent method which 
1 Fellow of the Salters’ Institute of Industrial Chemistry. 
2 Beit Memorial Research Fellow. 
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involves splitting off the prosthetic group (adenineflavin dinucleotide) and estimating the con- 
centration of the prosthetic group in the amino-acid oxidase test system. We shall consider this 
method in greater detail in section III. Both methods of estimating the concentration of flavo- 


protein agreed to within ca. 5% 


Reduced coenzyme I is oxidized extremely slowly by methylene blue. In 
presence of heart flavoprotein rapid reaction takes place. The reduced coenzyme- 
methylene blue system thus offers a convenient “test”? for measuring quan- 
titatively the catalytic action of heart flavoprotein. Dihydrocoenzyme was 
prepared either chemically, by reducing coenzyme with hydrosulphite and re- 
moving excess hydrosulphite by aeration, or enzymically by reducing coenzyme 
with the lactic enzyme-lactate system. The velocity of the catalytic oxidation of 
dihydrocoenzyme I by methylene blue was measured either anaerobically by 
the rate of decoloration of methylene blue or aerobically by the rate of O, 
absorption (cf. reactions (2) and (3)). 

Table I summarizes a manometric experiment designed to show the catalytic 
effect of heart flavoprotein. The lactic enzyme was prepared from rabbit skeletal 
muscle by the method of Green ef al. [1937]. The function of cyanide is to trap 


Table I. Catalytic effect of flavoprotein in the lactic enzyme system 


Lactic enzyme (ml.) 1-5 1-5 1-5 1-5 1-5 
M lactate (ml.) 0-2 — 0-2 0-2 0-2 
0-075 % coenzyme I (ml.) 1-0 1-0 -— 1-0 1-0 
2M HCN (ml.) 0-2 0-2 0-2 0-2 0-2 
0-5% methylene blue (ml.) 0-2 0-2 0-2 — 0-2 
Flavoprotein (ml.) (17-5 yg./ml. as 0-1 0-1 O-1 0-1 — 
flavinphosphate) 

Water — 0-2 1-0 0-2 0-1 
pl. O, in 5 min. 340 14 14 14 14 


the product of oxidation, viz. pyruvate, which inhibits the forward reacticn. 
For the oxidation of lactate by molecular O, both flavoprotein and methylene 
blue are necessary. The fact that there is no appreciable O, uptake in absence 
of methylene blue indicates that reduced flavoprotein is not autoxidizable under 
the conditions of the experiment. Increase of the flavoprotein concentration 
beyond ca. 0-5g. flavinphosphate equivalent per 3-6 ml. does not increase the 
rate of O, uptake. The effect of successive dilution of flavoprotein on the rate 
of O, uptake is shown in Table II. A measurable catalytic effect is given by 


Table II. Variation of O, uptake of lactic system with flavoprotein concentration 
The complete system contained 1-5 ml. enzyme, 0-2 ml. M lactate, 1 ml. 0-075% coenzyme I, 
0-2 ml. 2. HCN and 0-2 ml. 0-5% methylene blue. Total vol. 3-6 ml., 38°, air in gas space. 


Flavoprotein in 
pg. flavin- 


phosphate pl. O./5 min. 
1-74 385 
0-87 385 
0-53 360 
0°35 267 
0-18 160 
0-087 90 
0-053 70 
0-018 37 
0 2 


0-005 yg. flavinphosphate equivalent/ml. The homogeneous flavoprotein con- 
tains 0-66% flavinphosphate. 0-018 wg. of flavinphosphate therefore is equi- 
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valent to 2-77 ug. of flavoprotein. Since 2:77 yg. catalyse the absorption of 
444 wl. O,/hr. the Qo, (ul. O,/hr./mg.) is 160,000. In terms of the flavinphosphate 
moiety the Qo, is ca. 2-5 10". Fig. 1 shows the dependence of the turnover 
number (T.N.) on the concentration of flavoprotein. The formula for calculating 


ws . 
pl. O,/min. 


0-049 x ug. flavinphosphate * 
9000 
8000 


7000 


6000 


4000 


Turnover no. 


2000 
2000 


1000 


% O-l 0-2 0-3 0:4 05 0-6 0-7 0-8 0-9 1-0 I-1 1-2 13 
Concentration of flavoprotein in yg. flavinphosphate 


Fig. 1. Dependence of turnover number on flavoprotein concentration. Details as in Table I. 


Strictly speaking the numerator should be pl. H,/min. which is 2 x pl. O,/min. 
But since in the autoxidation of methylene blue an equivalent amount of H,O, 
is produced, 1 yl. O, absorbed.is equivalent to 1 yl. H, transferred. The limiting 
value of the T.N. is ca. 8000/min. 

Comparison of the catalytic activities of the heart and Warburg-Christian 
yeast flavoprotein shows a tremendous difference. For example, 0-015 yg. 
flavinphosphate equivalent of heart flavoprotein catalysed the same O, uptake 
as 5-3 yg. flavinphosphate equivalent of Warburg-Christian flavoprotein. The 
ratio of activities was therefore 5-3/0-015 = 353. 

The flavoprotein effect is independent of the nature of the enzyme which is 
concerned in the reduction of the coenzyme. Table III shows that by replacing 
the lactic enzyme-lactate system by the malic, triosephosphoric or «-glycero- 
phosphoric enzyme systems, the same qualitative results obtain. The quan- 
titative differences are referable to the activities of the different enzymes and the 
speed with which dihydrocoenzyme is made available by the various enzyme 
systems. 
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Table III. Catalytic effect of heart flavoprotein in the malic, triosephosphoric 
and «-glycerophosphoric enzyme systems 


The dialysed extract of the acetone powder of rabbit skeletal muscle was used as the source 
of the three enzymes. Cyanide was used as fixative in the malic and «-glycerophosphoric enzymes. 
For further experimental details, cf. Green et al. [1937]. The enzyme system in all cases contained 
enzyme, substrate, coenzyme I and methylene blue. The amount of flavoprotein added was 2 yg. 


flavinphosphate equivalent. 
pl. O, in 5 min. 





Malic enzyme system 2 
Malic enzyme system + flavoprotein 168 
a-Glycerophosphoric enzyme system 2 
«-Glycerophosphoric enzyme system + flavoprotein 138 
Triosephosphoric enzyme system : 
Triosephosphoric enzyme system + flavoprotein 60 


A solution of dihydrocoenzyme I was prepared according to the method of 


Green & Dewan [1937]. Spectrophotometric estimation showed that the solution 
contained 1900 ug. dihydrocoenzyme per ml. 2 ml. of this solution reduced 
0-15 ml. of 0-125 methylene blue in 10 min. In presence of 3 yg. flavin- 


phosphate equivalent of flavoprotein the reduction time was 10 sec. It was of 


theoretical interest to compare the T.N. of flavoprotein in this system with hag 
obtained in the lactic enzyme system. The following figures show the 7.N. for 
0-13 and 0-03 jg. flav inphosphate equivalent of flavoprotein in the two sy “ ms. 


Turnover number 


A 





Hy posulphite inzy ymically 
reduced reduced 
coenzyme coenzyme 
0-13 yg. flavinphosphate 3700 3850 
0-03 yg. flavinphosphate 6200 6250 


The correspondence is remarkably close and offers convincing proof that the 
enzyme system has no influence on the catalysed reaction between dihydro- 
coenzyme and methylene blue except in so far as it regulates the velocity with 
which dihydrocoenzyme I is formed. 

Some anaerobic experiments have been carried out on the catalysed reaction 
between methylene blue and dihydrocoenzyme I prepared in situ by the lactic 
enzyme system. Table [V summarizes a controlled experiment. Increase of the 
flavoprotein concentration beyond 1 yg. flavinphosphate equivalent does not 
increase the rate of reduction of methylene blue. In other words, above 1 yg. 
flavinphosphate equivalent the limiting factor under the conditions of the experi- 
ment is the enzymic rate of formation of dihydrocoenzyme and not the con- 
centration of flavoprotein. We should expect on theoretical grounds that the 


Table IV. Flavoprotein effect in the lactic enzyme system under 
anaerobic conditions 


The experiment was carried out in evacuated Thunberg tubes at 38°. The complete system 
contained 1 ml. enzyme, 0-5 ml. 0-075 % coenzyme I, 0-2 ml. 2.M HCN, 0-2 ml. 0-0125 M methylene 
blue and 0-1 ml. flavoprotein solution containing 17-5 yg. flavinphosphate per ml. 


Reduction time 


Complete system 45 see. 
Complete without flavoprotein oc 
Complete wihout lactate 00 


Complete without coenzyme ~o 





| 





= er 
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Table V. Turnover number of flavoprotein in lactic system under anaerobic 
conditions 
Details as in Table IV. 
Flavoprotein 
concentration 


in pg. flavin- Reduction time 
phosphate in min. T.N. 
3-50 0-75 435 
1-75 0-75 870 
0-87 1-08 1180 
0-53 1-58 1360 
0°35 3°33 975 
0-18 10 625 


efficiency of flavoprotein as a catalyst would progressively increase on dilution 
beyond the saturating concentration. Table V shows that the T.N. first increases 
and then falls with successive dilutions of flavoprotein. This fall in the T.N. can 
only mean destruction of flavoprotein under the conditions of the experiment. 
Below 0-05 yg. flavinphosphate equivalent per ml. no catalytic effect can be 
demonstrated under anaerobic conditions, whereas aerobically a measurable 
effect can be obtained with 0-005 yg. We have no explanation for the anaerobic 
destruction of flavoprotein. 

Heart flavoprotein also catalyses the oxidation of dihydrocoenzyme II by 
methylene blue. The hexosemonophosphoric enzyme system was used as the 
reducing system for coenzyme II. The flavoprotein-free enzyme was prepared 
from rabbit skeletal muscle by the following unpublished method of one of us 
(H.S.C.). Acetone powder of rabbit skeletal muscle was mixed with water 
(2 vol.), stirred to a homogeneous paste for 20 min., and the mixture was strained 
through muslin. The filtrate was centrifuged and dialysed. Coenzyme II was 
prepared from horse red blood corpuscles by the method of Warburg & Christian 
[1933]. One of us (H.S.C.) has established that the hexosemonophosphoric 
enzyme of rabbit skeletal muscle specifically collaborates with coenzyme II. 
Table VI shows the catalytic effect of heart flavoprotein on the reaction between 


Table VI. Effect of flavoprotein on hexosemonophosphoric enzyme system 


Enzyme (ml.) 2-0 2-0 2-0 2-0 
0-1% crude coenzyme II (ml.) 0-5 — 0-5 0-5 
0-3.M hexosemonophosphate (ml.) 0-5 0-5 — 0-5 
Flavoprotein (ml.) (17 yg. flavinphosphate/ml.) 0-2 0-2 0-2 — 
0-0125 M methylene blue (ml.) 0-1 0-1 0-1 0-1 
M/2 phosphate buffer pH 7-2 (ml.) 0-3 0-3 0-3 O- 
Water — 0-5 0-5 0-2 
Reduction time of methylene blue in min. 4 x © 0 


dihydrocoenzyme II and methylene blue. The activity of the enzyme preparation 
is too low to permit a more extensive investigation of the kinetics of coenzyme II 
systems. We have not therefore pursued this line further. 


II. MECHANISM OF THE CATALYSIS 


On addition of a comparatively minute amount of the lactic enzyme system 
(i.e. enzyme, lactate, cyanide and coenzyme I) to a concentrated solution of 
heart flavoprotein the yellowish green colour is discharged within a few minutes 
at 16°. If any of the components of the lactic system is eliminated no de- 
coloration is observed. The reduced leuco form is slowly autoxidizable as shown 
by the fact that shaking with air gradually restores the original colour (within 
a minute). Hydrosulphite also bleaches the colour of heart flavoprotein. Shaking 
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with air restores the colour as soon as excess hydrosulphite is removed. There 
is an apparent discrepancy in that leucoflavoprotein prepared enzymically is 
sluggishly autoxidizable, whereas when prepared by hydrosulphite re duction it is 
practic ally instantaneously oxidized by mole cular oxygen. Keilin & Hartree 
[1936], in their study of catalase, observed that hydrosulphite ° yields H,O, when 
oxidized by air. The production of H,O, might well explain the difference in the 
rates of autoxidation under the two sets of conditions. To decide the question 
whether flavoprotein is reduced and oxidized in the course of its catalysis the 
following experiment was carried out. Two Thunberg tubes were filled with 
1-0 ml. of a flavoprotein solution containing 31 yg. flavinphosphate equivalent 
and 0-5 ml. of the enzyme system (0-1 ml. purified enzyme, 0-1 ml. 1 lactate, 
0-1 ml. 0-05 % coenzyme I and 0-1 ml. 17 HCN). One of the tubes also contained 
0-05 ml. of 0-125.M methylene blue. The times for the anaerobic decoloration 
of flavoprotein and methylene blue were 6 and 61 min. respectively at 18°. If 
the catalytic action of heart flavoprotein involves a cycle of reduction by dihydro- 
coenzyme and oxidation by methylene blue, the ratio 

pl. H, transferred to methylene blue 


pl. Hy equivalent of flavoprotein 


should be equal to the ratio 
reduction time of methylene blue 
reduction time of flavoprotein — 
The value of the first ratio was 14/1-52 =9-2 and that of the second was 61/6 = 10-2. 
Clearly the catalytic reduction of methylene blue can be entirely accounted for 
on the basis of the cyclical reduction and oxidation of flavoprotein. 

Oxidized heart flavoprotein shows an intense greenish fluorescence on 
irradiation with ultraviolet light. Addition of the lactic enzyme system leads 
to the gradual disappearance of the fluorescence. Disappearance of fluorescence 
runs parallel with the formation of the reduced form. The fluorescence method 
is eminently suitable for following the reduction of heart flavoprotein. 

The use of comparatively large concentrations of flavoprotein and minute 
amounts of the reducing enzyme system is merely a device to obtain a “slow 
motion” picture of the reduction of flavoprotein. Under physiological conditions 
the concentration of flavoprotein is minute compared with the concentration of 
coenzyme I. On mixing 30 yg. flavinphosphate equivalent of flavoprotein with 
190 pg. of dihydrocoenzyme I at room temperature the yellow-green colour and 
green fluorescence of the oxidized form disappear almost instantaneously. 


III. IbeNTITY OF HEART FLAVOPROTEIN AND COENZYME FACTOR 


Coenzyme factor (diaphorase) is characterized by the following properties 
{cf. Euler & Hellstré6m, 1938; Dewan & Green, 1938]. It occurs in association 
with insoluble particles from which it cannot be removed merely by washing the 
particles with water or salt solutions at neutral pH. Above 55° or in solutions 
below pH 4-6 and above pH 9 the enzyme is rapidly inactivated. Furthermore, 
fairly active and purified preparations of the enzyme seem not to contain any 
appreciable amounts of flavin. On the other hand heart flavoprotein is a soluble 
flavoprotein which is destroyed by temperatures not lower than 80°. It is also 
unstable below pH 4 and above pH 9. At first sight the resemblance between 
coenzyme factor and heart flavoprotein seems meagre, to say the least. In fact 
from the brief description of their respective properties one would be tempted 
to conclude that they were two distinct compounds. These differences however 
are more apparent than real. 
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The starting point of the isolation of heart flavoprotein is the standard 
preparation of coenzyme factor. That is to say, the flavoprotein is found initially 
associated with insoluble particles from which it cannot be removed by ex- 
haustive washing with water. By exposure of this enzyme suspension to 2%, 
(NH,),.SO, and 3°, ethyl alcohol at pH 4-6 and 43° the flavoprotein becomes 
separated from the particles (cf. Straub [1939, 2] for complete details) and behaves 
thereafter as a soluble protein. Significantly, when the flavoprotein is brought 
into solution the soluble extract shows very high coenzyme factor activity. 

The prosthetic group of heart flavoprotein is flavinadenine dinucleotide. 
On boiling a solution of the flavoprotein the dinucleotide is liberated from the 
coagulated protein and can be estimated in the amino-acid test system. We 
should expect that if the coenzyme factor is identical with heart flavoprotein 
the ratio oomzyme factor activity ould be of the same order of magnitude for 

dinucleotide concentration = 
both. The following is the protocol of a typical experiment. 0-5 ml. of a pig 
heart flavoprotein solution containing 1-64 pg. flavinphosphate equivalent per 
ml. was found to have approximately the same activity in catalysing the oxidation 
of reduced coenzyme I by methylene blue (lactic enzyme system) as 0-5 ml. of 
a standard coenzyme factor preparation from pig heart. The respective O, 
uptakes were 238 and 231 pl. O, in 5 min. When the same amounts of boiled 
flavoprotein and factor solutions were tested with the amino-acid oxidase the 
respective oxygen uptakes were 82 and 79 pl. O,. Taking the oxygen uptake in 
the lactic system as a measure of coenzyme factor activity and the O, uptake in 
the amino-acid oxidase test as a measure of the dinucleotide concentration, the 


rs ; 2 ee 
atio coenzyme factor activity 


dinucleotide concentration 





‘an be equated with the ratio 
pl. O, in lactic system 
ul. O, in amino-acid oxidase system” 
The respective ratios for coenzyme factor and flavoprotein were 2-92 and 2-90. 
Clearly there was sufficient flavoprotein in the heart factor preparation to 
account for all the catalytic activity shown in the lactic enzyme system. 


The amino-acid oxidase was prepared free of flavin dinucleotide by the following modification 
of the method of Straub [1938]. Acetone powder of pig kidney was rubbed up with 10 vol. water 
and the mixture centrifuged after 20 min. standing. The supernatant was made 33% saturated 
with respect to (NH,).SO,, cooled to 0° and brought to pH 4-6. The precipitate was centrifuged 
and redissolved in water. This procedure was repeated twice. The extract of 10 g. was finally made 
up to 30 ml. in W/5 phosphate buffer, pH 7-2. One ml. of this enzyme takes up ca. 150 pl. 02/10 min. 
at 38° in presence of excess flavinadenine dinucleotide (3 wg. per manometric cup). In absence 
of dinucleotide there is a blank of ca. 20-30 pl. O,/10 min. which disappears after the enzyme 
preparation has been kept at 0° for about 24 hr. The enzyme is stable for weeks at 0° and can be 
kept free of bacterial infection by saturation with octyl alcohol. 1 ml. of the enzyme works at 
half the maximum rate in presence of ca. 1 yg. of dinucleotide. For purposes of estimation the 
concentration of dinucleotide should be such as to cover the range from ca. 40 to 80 wl. O,/10 min. 
The following quantities were used: 1 ml. enzyme, 1 ml. buffer, pH 7-2 and 0-2 ml. WV dl-alanine. 


The gas space contained air. 


The inability of various investigators to detect flavin in the factor preparations 
of various tissues is easily explained by the following considerations. The standard 
coenzyme factor preparations contain on the average ca. 1-5 wg. of flavin- 
phosphate per ml. The method of detecting flavin involves treating the enzyme 
preparation with 3 vol. methyl alcohol and centrifuging off the denatured 
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protein. The supernatant fluid should be yellow if flavin is present. It is clear 
that even if all the flavin were split off by the methyl alcohol treatment, the 
concentration of flavin in the methy] alcohol solution (ca. 0-4 ug. flavinphosphate 
per ml.) would be beyond the limit of visual detection. Heart flavoprotein 
solutions diluted so as to contain the same catalytic activity per ml. as the 
standard coenzyme factor preparations do not show any detectable colour and 
the presence of flavin dinucleotide is just detectable in the amino-acid oxidase 
test system. 


OSs, : 1. O, in lactic system 
The ratio ales Tod. : 


pl. O. in amino-acid oxidase system has been determined for coenzyme 

factor preparations from Bact. coli, rabbit kidney and liver. The respective 
ratios were 3-0, 2-8 and 1-9, as compared with a ratio of 2-9 for heart flavo- 
protein. The low value of the ratio for liver coenzyme factor preparations 
points to the presence of one or more additional flavoproteins which do not 
catalyse the oxidation of reduced coenzyme I. A coenzyme factor preparation 
made from yeast by the method of Dewan & Green [1938] was anomalous in that 
the amount of flavin dinucleotide was barely measurable although high activity 
was shown in the lactic enzyme test. This can mean either that the coenzyme 
factor of yeast is a flavoprotein with higher catalytic activity than that of animal 
tissues or that the active principle in the yeast preparations is not a flavoprotein. 
Triosephosphate in presence of the aqueous extract of the acetone powder 

of rabbit skeletal muscle can undergo oxidation via three different mechanisms: 


(1) pyruvate 
triosephosphate —> coenzyme I —> (2) triosephosphate 


‘ (3) carrier, e.g. methylene blue 


The arrows indicate the direction of transfer of hydrogen. In mechanisms (1) 
and (2) reduced coenzyme becomes oxidized by pyruvate in presence of the 
lactic enzyme or by triosephosphate in presence of the «-glycerophosphoric 
enzyme. The net changes are in (1) the oxidation of triosephosphate by pyruvate, 
and in (2) the dismutation of triosephosphate to the corresponding alcohol and 
acid. In mechanism (3) reduced coenzyme I is oxidized by some carrier—the net 
change being the oxidation of triosephosphate by oxygen via the coenzyme and 
carrier. Whether mechanism (3) will be realized at the expense of (1) and (2) 
depends on the relative velocities with which reduced coenzyme I is oxidized 
in the different reactions. In presence of the coenzyme factor and methylene 
blue, it is possible to obtain a comparatively rapid reaction between triose- 
phosphate and molecular O,. The Warburg-Christian flavoprotein shows 
practically no activity in the system even in high concentration. Presumably 
the coenzyme factor is able to catalyse the oxidation of reduced coenzyme I by 
methylene blue with a velocity of the same order of magnitude as that with 
which the lactic or glycerophosphoric enzymes catalyse the reduction of their 
respective substrates by dihydrocoenzyme I. In other words, the coenzyme 
factor must be as efficient a catalyst as the lactic and «-glycerophosphoric 
enzymes in order to compete with them for the available dihydrocoenzyme I. 
The inactivity of the Warburg-Christian flavoprotein in the triosephosphoric 
system simply means that its catalytic efficiency is not high enough to compete 
with the other enzymes for dihydrocoenzyme. It is significant that heart flavo- 
protein can replace coenzyme factor in the triosephosphoric test system and 
shows the same order of catalytic efficiency. 

Both coenzyme factor and heart flavoprotein agree in the following pro- 
perties. They are both destroyed to the extent of ca. 50% by exposure to 
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solutions of pH 3-8 for 7 min. at 18°, and to the extent of ca. 90 °% by exposure 
to solutions of pH 9-2 7 7 min. at 18°. At 55° and pH 7-0 a preparation of 
coenzyme factor loses 55% of its activity after 10 min. exposure, whereas heart 
flavoprotein is half destroyed at about 85°. Were it not for the almost complete 
correspondence in other details between the properties of the two compounds, 
this formidable discrepancy in temperature lability could be used as definite 
proof of their non-identity. The coenzyme factor is associated with particles 
whereas the flavoprotein is soluble. Change in physical state might account for 
some difference in temperature-lability. It is also conceivable that the destruction 
of the coenzyme factor at 55° might be due to causes other than denaturation, 
e.g. hydrolysis by proteolytic enzymes associated with the insoluble particles. 
There is in fact evidence for this view. The instability of preparations of coenzyme 
factor extends even to temperatures as low as 38°. Exposure of the factor 
preparations of pig heart to 38° for 60 min. at pH 7-0 destroys some 30% of 
their activity. 

We may summarize the comparison of coenzyme factor and flavoprotein of 
heart as follows. The catalytic activity of both is proportional to the concen- 
tration of flavin dinucleotide. The respective catalytic activities are qualitatively 
and quantitatively identical. The starting point for the preparation of the 
soluble flavoprotein is the suspension of insoluble particles with which coenzyme 
factor is associated. Thus flavoprotein becomes soluble only as the result of 
special treatment of the suspension of insoluble particles. The two catalysts are 
destroyed below pH 4 and above pH 9 with equal velocities. They differ however 
in te mperature-lability. On the whole the evidence is strongly in favour of the 
view that they are one and the same compound in two different physical states. 


SUMMARY 


Heart flavoprotein catalyses the oxidation of the dihydropyridinenucleo- 
tides by “carriers” such as methylene blue. The mechanism of the catalysis 
involves a cycle of reduction of the flavoprotein by dihydrocoenzyme and 
oxidation of its leuco form by the “carrier”. Leucoflavoprotein is sluggishly 
autoxidizable. Under optimum conditions each molecule of flavoprotein cata- 
lyses the oxidation of 8500 molecules of dihydrocoenzyme I per min. 

Coenzyme factor (diaphorase) is considered to be identical with heart 
flavoprotein. Whereas the former is found in association with insoluble particles, 
the latter has been separated from the particles and brought into solution. 


We are grateful to Prof. D. Keilin for his advice and help. One of us (D. E. G.) 
is obliged to the Ella Sachs Plotz Foundation for a research grant. 
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CI. THE EFFECT OF PHLORIDZIN ON CARBO- 
HYDRATE METABOLISM JN VITRO 


By STEFAN JOSEPH BACH 
From the Biochemical Laboratory, Cambridge 


(Received 28 February 1939) 


THE metabolic effect of phloridzin has been interpreted in several different ways. 
Some authors have claimed a solely renal action [Erlandsen, 1910; Allen, 1913] 
inasmuch as phloridzin affected the permeability of the renal tubules for glucose 
and other substances [Underhill, 1912], thus inhibiting their reabsorption by the 
kidney [Verzar & Laszt, 1934]. This phenomenon was explained by the further 
observation of the inhibiting effect of phloridzin, both on the phosphorylation of 
glycogen [Wilbrandt & Laszt, 1933] and on the glycolysis in muscle and yeast 
(also a phosphorylating mechanism [Lundsgaard, 1933]). As this inhibiting 
effect was also observed on glycolysis in brain, which is generally considered to 
be of a non-phosphorylating nature [Ashford & Holmes, 1929], there may be 
reason to suggest that phloridzin, besides inhibiting phosphorylation, may exert 
still another metabolic effect. Underhill [1912] postulated a twofold action: 
(1) on the permeability of kidney tissue and (2) “‘upon other structures, resulting 
in the production of sugar’. It was the possibility of this second action of 
phloridzin on the production of sugar which presented the problem for this work. 
As biological material, liver of starved rats, in which carbohydrate synthesis has 
previously been demonstrated in experiments in vitro [Bach & Holmes, 1937] was 
chosen. Experiments on the effect of phloridzin and other glycolytic inhibitors 
on such carbohydrate production, which revealed a special behaviour of phlorid- 
zin, led to further investigations. 


Methods 


Animals. Young rats were used, chiefly albinos, all males with an average 
weight of 200 g. They were always starved for 20-24 hr. before the experiments, 
in order to decrease the carbohydrate content of the liver. Before starving, the 
animals were kept on the ordinary stock laboratory diet. 

Slice technique. This was the same as described previously [Bach and Holmes, 
1937]. The weight of tissue was 100 mg. wet weight in all manometric experi- 
ments and varied from 300 to 500 mg. in experiments where the carbohydrate 
content was determined. 

The slices were placed into Barcroft cups containing 3 ml. NaHCO,-Ringer of 
pH 7-3 which included the substrates after adjustment to the same pH. The 
mixtures were equilibrated with a gas mixture containing 95 °%% O, and 5 % CO, 
in the aerobic, and with a mixture (passed over hot Cu filings) of 95 % N, and 
5 % CO, in the anaerobic experiments. 

In the.experiments in which determinations of O,, CO, and carbohydrate 
were carried out at different intervals, the time at which the vessels were placed 
in the water bath for incubation (before equilibration) was taken as zero. 

Manometric experiments. The O, uptake was determined in phosphate buffer, 
pH 7-3, with Barcroft manometers containing air and with 10 °% KOH in the 
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centre pot of the vessels. For the determination of the R.Q. the method of Dixon 
& Keilin [1933] was employed, and was checked in one case by the Warburg 
two-vesse] method. The latter experiment in which glycolysis, separately de- 
termined, was allowed for was carried out with the kind help of Dr H. Laser 
according to Laser & Rothschild [1939]. 

Determination of total fermentable carbohydrate. In most experiments the 
procedure previously described [Bach & Holmes, 1937] was closely followed and 
the final sugar estimations were performed by the method of Hadedorn & Jensen 
[1923]. In some of the “‘timing” experiments in absence of phloridzin (Figs. 3 
and 5) the quicker, colorimetric method of Dische & Popper [1926] was used. 
Blank experiments showed that the two methods agreed within 5 %. For the 
experiments with phloridzin the Hagedorn & Jensen method was found to be the 
more reliable. 

Inorganic phosphate was estimated according to the method of Fiske & 
Subbarrow [1925] and lactic acid by the method of Friedemann et al. [1927]. 

Reagents. Phloretin was prepared in the following way: to 2 g. phloridzin 
suspended in 20 ml. boiling H,O, 10 ml. 20 % H,SO, were added. The mixture 
was heated for 90 min. on the boiling water bath. The precipitate was filtered 
and thoroughly washed with cold water, dried and recrystallized from abs. 
alcohol. 90 % yield of carbohydrate-free phloretin was obtained. M.P. 253—255°. 

The other reagents including phloridzin and insulin were supplied by British 
Drug Houses Ltd. The potency of the insulin hydrochloride was close to 20 units 
per mg. 

EXPERIMENTAL 

Liver slices were incubated in presence and absence of NaF, iodoacetate and 
phloridzin. The carbohydrate content of the tissue suspension was estimated 
before and after the period of incubation. Results from Table I show an increase 


Table I. The effect of phloridzin, NaF and iodoacetate on carbohydrate synthesis 


Quantities: mg. fermentable carbohydrate per g. fresh liver. Experimental period 2 hr. 


Extra increase with added 
Increase c a 





= S 
Final without NaF Iodoacetate Phloridzin 
Initial (no addition) addition 0-01 M 0-01. 0-01. M 
2-93 5:77 + 2-84 — 0-37 — 1-00 + 2-26 
— 5-23 — — 0-60 —0-51 -—— 
2-92 4:39 +1-47 — 1-04 — 0-46 — 
4-72 5-94 + 1-22 _- — +0-71 
2-09 3-40 +1-31 = — +0-71 
4:33 5-34 +1-01 oe — +0-97* 
7-30 7-50 +0-20 = = +1-40 
* (-02M Phloridzin. + 0-005 M Phloridzin. 


in fermentable carbohydrate content in absence of substrates. This synthesis of 
carbohydrate was partly suppressed in presence of NaF and iodoacetate and was 
increased in presence of phloridzin. Blank experiments were carried out for all 
the substances added and special care was taken to allow for the possibility of the 
carbohydrate constituent of phloridzin being split off during the proceedings 
necessary for the determination of carbohydrate. 

Since the substances added in these experiments are known to exert an 
inhibiting effect on a possible phosphorylating glycolysis, changes in the in- 
organic P content were expected during the period of incubation. Results in 
Table II however revealed a marked breakdown of organic P. The effect was of 
about the same order under both aerobic and anaerobic conditions and phloridzin 
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Table II. Increase in inorganic phosphate content during 
incubation of liver slices 


Quantities: mg. inorganic phosphate per g. liver. Experimental period 2 hr. Concentration of 
added substances: phloridzin, 0-01./; NaF, 0-01; glycogen, 2 %. 


Increase in inorganic phosphate 


fe ee ae 
Substances added Without With Phloridzin 
other than phloridzin Initial phloridzin phloridzin effect 
Aerobic experiments 
_— 0-47 +0-17 +014 — 0-03 
_— 0-59 +0-27 +0-18 — 0-09 
Anaerobic experiments 
— 0-47 +0-19 +0°15 — 0-04 
-— 0-59 +0-53 +0-40 —0-13 
NaF 0-67 +035 +0°35 0 
NaF + glycogen 0-67 +0°30 +0-26 — 0-04 


only slightly diminished this breakdown of organic P. NaF caused no significant 
effect, while the small phloridzin effect disappeared when NaF was added simul- 
taneously. Finally glycogen was added to the NaF-poisoned tissue for the pur- 
pose of enriching it in glycolysing material. The phosphate breakdown was only 
slightly diminished by the presence of glycogen and a little further reduced when 
phloridzin was added in addition. 

Table III shows results of lactic acid estimations carried out in a number of 
experiments before and after the incubation of liver slices. Here again no con- 
sistent nor significant changes in either direction in the lactic acid content were 


Table III. Changes in lactic acid content during incubation of liver slices 


Quantities: mg. lactic acid per g. liver. Experimental period 2 hr. 


Initial Final Change Substances added 

Aerobic 3°46 3°75 +0-29 — 

*e 3-70 3-62 — 0-08 -— 

” 2-31 2-69 +0-38 = 

5 3-41 3-20 —0-21 = 

os 3-41 3-52 +0-11 Insulin 0-15 mg./ml. 
Anaerobic 3-40 4-05 +0-65 — 

3-40 3-76 +0-°36 Phloridzin 0-01 M 


” 


observed when starved animals were used. A slight diminishing effect of 
phloridzin on glycolysis appeared under anaerobic conditions. Under aerobic 
conditions part of the lactic acid may have been oxidized, thus masking a possible 
formation of lactic acid. But the values obtained under anaerobic conditions 
were found to be of about the same order. 

Finally experiments under anaerobic conditions, which eliminate both carbo- 
hydrate synthesis and carbohydrate oxidation, showed no significant changes in 
the carbohydrate content of the liver slices before and after the period of incu- 
bation (Table IV). 

Summarizing the results of Tables II, III and IV there appears to be little 
evidence for the assumption that the increase in carbohydrate synthesis caused 
by phloridzin (Table I) may be due to an inhibition of the glycolytic disappear- 
ance of carbohydrate. 

A possible effect of phloridzin on the oxidative disappearance of carbohydrate 
was investigated next. Figs. 1 and 2 show the rate of oxidation in liver tissue 
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Table IV. Changes in carbohydrate content during incubation of 
liver slices under anaerobic conditions 


Quantities: mg. fermentable carbohydrate per g. liver. Experimental period 2 hr. 





Initial Final Change Substances added 

10-86 10-00 — 0-86 = 

11-50 11-85 +0°35 — 

4-61 4-70 +0-09 -- 

2-34 2-35 +0-01 Pyruvate 0-4 % 
4-67 5-17 + 0-50 Lactate 0-4 % 
4-67 4-47 — 0-20 Phloridzin 0-01 M 
1000 
= 900 > a 
EF 800 st 
&2 700 ge 
a = 600 =e 
ES 500 Bs 
Zz 400 = 
6 i 
7. 5% 
° = 7 y by phloridzin S m 
— 100 pitt" 5 
= 10 Ww = 
0 pe mg 
-100 - 7 0 0 20 3 4 #450 of 70 
Min. Min. 
Fig. 1. Fig. 2. 


Figs. 1 and 2. The effect of phloridzin on the O, consumption of liver slices. 0-1 g. tissue 
(wet wt.) in 3 ml. phosphate buffer, pH 7-3 in air at 37°. 


from starved rats with and without added phloridzin. It will be seen that oxida- 
tion is slightly inhibited by phloridzin, the inhibition being greatest between 20 
and 30 min. This phenomenon was observed in several successive cases. This 
inhibiting effect of phloridzin on the tissue oxidation was more understandable 
when the course of carbohydrate synthesis was followed by estimating the carbo- 
hydrate content of the slices at several intervals in the experimental period 
(Fig. 3). In all experiments a marked decrease of carbohydrate content was 
observed between 20 and 30 min., reaching values even below initial carbo- 
hydrate content. This phenomenon may be explained by the assumption that 
the rate of synthesis during the period mentioned was slower than that of carbo- 
hydrate consumption. And as, for reasons stated above, the possibility of a 
mainly glycolytic disappearance of carbohydrate can be disposed of, one may be 
justified in correlating the phenomenon observed in Figs. 1 and 2 with that of 
Fig. 3. It will be seen that the critical time of carbohydrate disappearance in 
absence of phloridzin is almost identical with that of the greatest inhibition of 
OQ, consumption in presence of phloridzin. This may be a mere fortuitous coin- 
cidence, but one is tempted to connect the two results by arguing that phloridzin 
under the experimental conditions may inhibit an oxidative disappearance of 
carbohydrate in the critical period of 20-30 min. For, if the decrease in carbo- 
hydrate content was due to oxidation, and further if such oxidation was inhibited 
by phloridzin, a depression in O, consumption in that critical period would be 
expected. The regularity of such depression of O, uptake, as observed in Figs. 1 
and 2, is shown in Table V in which the inhibiting effect of phloridzin on the O, 
consumption during the period of 15-30 min. was calculated for three experi- 
ments, showing an average inhibition of 120 pl. O, per g. liver. 
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Table V. O, consumption from 15 to 30 min. during incubation 
of liver slices with and without added phloridzin 


Quantities: ul. O, per g. liver. 





In absence of phloridzin In presence of phloridzin 
aie C = = 
During the During the Inhibition 
After After interval of After After interval of by 
15 min. 30min. 15-30min. 15 min. 30min. 15-30 min. phloridzin 
352 773 421 375 683 308 113 
497 862 365 412 667 255 110 
530 883 353 310 526 216 137 


Average inhibition between 15 and 30min. 120 


g. liver (wet wt.) 


mg. carbohydrate 
per g. liver (wet wt.) 
5 


mg. carbohydrate 





per 


300039 408080100 120 
Min. Min. 
Fig. 3. Fig. 4. 


Fig. 3. The rate of carbohydrate synthesis in liver slices in absence of added substrate. 0-3-0-4 g. 
tissue in 3 ml. bicarbonate Ringer, pH 7-3 at 37°. No phloridzin. 


Fig. 4. The effect of phloridzin on carbohydrate synthesis in liver slices. 0-5-0-35 g. tissue in 3 ml. 
phloridzin bicarbonate Ringer, pH 7-3 at 37°. Phloridzin concentration M/200. 


Further evidence for this concept is given in Fig. 4, which shows the course of 
carbohydrate synthesis in presence of phloridzin. It will be seen that no decrease 
in carbohydrate content was observed during the critical period of 20-30 min. 
This was to be expected if phloridzin inhibited carbohydrate oxidation, thus 
preventing the carbohydrate content from decreasing in the period mentioned. 

Experiments with insulin which according to previous findings partly in- 
hibits the mechanism of synthesis of carbohydrate [Bach & Holmes, 1937] 
dispose of the idea that the disappearance of carbohydrate in the early period of 
incubation may be mainly due to an inhibition of carbohydrate synthesis in that 
period. Fig. 5 shows no significant effect of insulin on the O, consumption and 
from Fig. 6 it can be seen that the same decrease in carbohydrate content occurs 
at the critical time in presence of insulin, as has already been demonstrated in its 
absence (Fig. 3). 

Finally determinations of the R.Q. carried out at two different periods of 
incubation in absence and presence of phloridzin supported the views stated 
above. Ifin the absence of phloridzin carbohydrate combustion was predominant 
in the early stage of incubation, the R.Q. for that period would be expected to 
approach 1. On the other hand a lower R.Q. should appear in presence of phlorid- 
zin, if carbohydrate combustion were partly suppressed. From Figs. 3 and 4 it 
can be seen that this is actually the case. The R.Q. in the critical time of the early 
stage of incubation was found to be 1-14 in absence of phloridzin and 0-58 in 
presence of phloridzin. For the later stage of incubation after 60 min., which 
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seems to be comparatively unaffected by phloridzin, the respective values were 
found to be 0-65 and 0-69. The latter phenomenon can be foreseen if carbo- 
hydrate oxidation takes place more rapidly in the early stage of incubation, 
an assumption supported by the results of Fig. 3, and further if, in accordance 
with the view stated above, it is this oxidation which is mainly affected by 
phloridzin. 


O, consumption in pl. per g. liver (wet wt.) 


mg. carbohydrate 
per g. liver (wet wt. 


20 40 60 80 100 120 
Min. 
Fig. 6. 
Fig. 5. The effect of insulin on the respiration of liver slices. 0-1g. tissue in 3 ml. phosphate buffer, 
pH 7:3 in air at 37°. 


Fig. 6. The rate of carbohydrate synthesis in liver slices in presence of insulin. 0-3-0-4g. tissue in 
3 ml. insulin bicarbonate Ringer, pH 7-3 at 37°. Insulin concentration 15 mg./100 ml. 


Further it had to be considered whether phloridzin, being a glucoside, may be 
hydrolysed during incubation, thus increasing the carbohydrate content of the 
tissue suspension. This possibility could be excluded by two different types of 
experiments. Firstly slices were incubated in presence of phloridzin under 
anaerobic conditions, when both carbohydrate synthesis and carbohydrate oxida- 
tion would be eliminated, whereas a possible hydrolysis of phloridzin could still 
take place. As shown in Table IV, however, the carbohydrate content remained 
practically unchanged, indicating absence of hydrolysis. Secondly, phloretin 
was prepared from phloridzin by acid hydrolysis as described earlier. Care was 
taken to remove the glucose component completely, 97 % of the theoretical 
amount of which was determined in the hydrolysate. Unlike phloridzin the O, 
consumption of liver slices was inhibited by 52 % at a concentration of 0-01. 
of the phloretin suspension, the comparative insolubility of the substance serving 
probably as limiting factor for its inhibitory effect. This was shown by the fact 
that inhibition was the same in all concentrations down to 0-002 M (Fig. 7). At 
0-001 M the inhibition of O, consumption was still 30 %, whereas carbohydrate 
synthesis was hardly at all affected at that concentration, as compared with 49 % 
inhibition of synthesis at 0-01 .M (Table VI). In an attempt to imitate conditions 
prevailing in the case of phloridzin, glucose was added to the phloretin-Ringer 
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0-002 M 





O, consumption in pl. per g. liver (wet wt.) 


0 - 
0 10 20 30 40 50 60 70 80 90 100 
Min. 
Fig. 7. The effect of phloretin on the respiration of liver slices. 0-1 g. tissue in 3 ml. of 
phoretin phosphate buffer, pH 7-3 in air at 37°. 
Table VI. The effect of phloretin on O, consumption and 
carbohydrate synthesis in liver slices 


Experimental period 2 hr. 








O, consumption in pl. per hr. Carbohydrate synthesis (mg. 

and g. liv er (wet wt. ) fermentable carbohydrate per g. liver) 

Phloretin - - , ——“ ~ 

concentration W. ‘ithout With Inhibition Without With Inhibition 
M phloretin phloretin % phloretin phloretin % 
0-01 1505 730 52 2-33 1-20 49 
0-004 1590 745 53 — — — 
0-002 1580 790 50 — — — 
0-001 1620 1140 29-5 2-34 2-19 6 


Table VII. The effect of glucose in presence of phloretin on 
carbohydrate synthesis in liver slices 


Quantities: mg. fermentable carbohydrate per g. liver. Experimental period 2 hr. 


Glucose effect 


Before After in presence 

Substances added incubation incubation Increase of phloretin 
None 1-60 3-93 2-33 
Glucose 0:2 % 6-25 8-04 1-79 
Phloretin 0-001 M 1-60 3-29 1-69 40-46 
Phloretin and glucose 6-51 8-66 2-15 
None 3-20 5:53 2-33 
Phloretin 0-001 M 3-20 5-12 1-92 1-26 
Phloretin and glucose 6-96 10-14 3-18 as 


(0-001 M). It will be seen from Table VII that phloretin in presence of added 
glucose increased the total carbohydrate content of the liver slices by an amount 
exceeding the carbohydrate synthesis shown by the controls. This seems to 
indicate that the phloridzin effect is due to the complete glucoside rather than 
to either of its constituents. This experiment also confirms the view that the 
increase of carbohydrate content resulting from incubation of liver slices with 
phloridzin is not due to the liberation of the glucose component of the glucoside. 
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Discussion 


The impairing effect of phloridzin on the mechanism concerned with the 
removal of carbohydrate from the blood has been recognized for a long time 
[Goldstein et al. 1932]. The discovery of its inhibitory effect on phosphorylating 
carbohydrate fermentation as described earlier stimulated research in that 
particular direction. But when the carbohydrate-sparing effect of phloridzin was 
observed in tissues which either, as in the case of liver, show little glycolytic 
activity or, as in the case of brain, are known to catalyse non-phosphorylating 
glycolysis [Ashford & Holmes, 1929], other possibilities had to be considered. In 
the particular case of this work the increased synthesis of fermentable carbo- 
hydrate in liver slices observed in presence of phloridzin was interpreted, in 
agreement with the views stated earlier, as an inhibited removal of carbohydrate. 
The observation of only small changes in inorganic phosphate content in presence 
and absence of glycolytic inhibitors may not alone be sufficient evidence against 
the assumption of a glycolytic mechanism, possibly inhibited by phloridzin, 
although the absence of such a mechanism has been reported by several other 
workers [Rona et al. 1925; Dann & Quastel, 1928; Tanko, 1931]. On the other 
hand the considerable breakdown of organic phosphate found in accordance with 
Rona et al. [1925] and Toerell & Norberg [1932] may have masked any possible 
rephosphorylation. But the fact that no lactic acid formation was found to take 
place during the incubation of liver slices (in accordance with Haarmann & Brink 
[1935] and Willstatter [1936]) and further, the fact that the carbohydrate level 
remained unchanged under anaerobic conditions, supplies additional evidence 
that the disappearance of carbohydrate observed in absence and inhibited in 
presence of phloridzin could not be of fermentative nature. 

Now it is known from experiments in vivo that though hepatic glycogen is 
greatly diminished following phloridzin administration, the glucaemic level 
remains normal or even shows a marked increase [Schwarz & Sassler, 1928; 
Rathery et al. 1930]. The two phenomena may be the result of two separate 
mechanisms but the accumulation of glucose, i.e. of a readily oxidizable substance 
in presence of phloridzin, suggests a disturbance of the oxidative function of the 
liver [Nash & Benedict, 1923]. The experiments in vitro on the isolated organ 
described in this work may supply satisfactory confirmation of this view, sug- 
gested hitherto by experiments on the whole animal. The period of inhibition of 
O, consumption by phloridzin coincides well with the period of carbohydrate 
disappearance in its absence, thus explaining the carbohydrate-saving effect. 
Fleischmann [1937] observed a similar type of O, inhibition with phloridzin in 
brain slices, but failed to do so in liver or kidney slices. This result may have 
technical causes since he also failed to observe the familiar extra O, uptake after 
adding glucose to these organs. 

Estimations of the respiratory quotient fitted in well with the views stated 
above, as it could be shown that in presence of phloridzin the R.Q. was lowered at 
the same period of incubation in which both carbohydrate disappearance and 
respiration were inhibited. Here again the lowering of the R.Q. by phloridzin falls 
in line with similar observations made in vivo [Bonsignore & Cavaglione, 1936]. 
These workers, using guinea-pigs, observed no increase, when glucose was ad- 
ministered, of the R.Q. lowered by phloridzin poisoning. 

The almost toxic behaviour of phloretin in liver slices of starved rats is 
particularly interesting as it was possible to reverse its inhibitory effect on 
carbohydrate synthesis by adding glucose, in fact to make it behave like phlorid- 
zin. It seems feasible to assume that phloretin administered to the body may 
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have carbohydrate at its disposal, and may therefore be able to produce physio- 
logical effects similar to those of phloridzin. This is in accordance with the 
findings of Lambrechts [1936] who observed glucosuria following the administra- 
tion of phloretin to chloralosed dogs. 


SUMMARY 

1. Carbohydrate synthesis in liver slices is partly suppressed by NaF and 
iodoacetate but is apparently increased in presence of phloridzin. The increase 
was shown to be the result of an inhibition of carbohydrate disappearance by 
phloridzin in the early stage of incubation. Evidence was produced that this 
disappearance, which was unaffected by insulin, was due to oxidation rather than 
to fermentation of the carbohydrate. Hence it was concluded that phloridzin 
inhibits carbohydrate oxidation in vitro. 

2. The above view was supported by a regularly occurring inhibition of O, 
consumption by phloridzin at the same period of incubation at which in its 
absence carbohydrate oxidation mainly takes place. Further evidence for this 
view was given by the fact that the R.Q. for the above period approached unity in 
absence and was found to be 0-58 in presence of phloridzin. 

3. Phloretin, unlike phloridzin, partly inhibits both O, uptake and carbo- 
hydrate synthesis in liver slices in concentration higher than 0-001. M@. But when 
glucose was added simultaneously, phloretin showed an effect similar to that of 
phloridzin on carbohydrate synthesis. This indicates that the phloridzin effect is 
probably due to the complete glucoside rather than to its constituents. 

4. The above phenomenon and further the fact that the carbohydrate level of 
liver tissue remained unchanged when incubated with phloridzin under anaerobic 
conditions dispose of the idea of a possible hydrolysis of the glucoside during the 
period of incubation, which otherwise could have vitiated the observations. 


I wish to express my thanks to Sir F. G. Hopkins for his interest in this work. 
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In our first publication [Stedman & Stedman, 1937] on this subject it was shown 
that the addition of sodium acetoacetate to minced brain tissue, treated with 
chloroform under specified conditions, caused an appreciable increase in the 
formation of acetylcholine in such tissue when it was incubated at 37°. Sub- 
sequent work [Stedman & Stedman, 1938] has confirmed this result, but publi- 
cation of the details of our experiments has hitherto been withheld owing to the 
interpretation which Mann e¢ al. [1938, 1, 2] have placed upon our findings, an 
interpretation which has necessitated an investigation of certain aspects of our 
work which is more detailed than that previously carried out. 


Experimental methods 


Ox brain has, in general, been used in this work. The brains were brought 
from the slaughter-house to the laboratory as quickly as possible after the 
slaughter of the animal. Since, under the conditions of our experiments, the 
formation of acetylcholine is greater in the basal ganglia than in the remainder 
of the brain, this material has, as far as possible, been employed. Unfortunately, 
however, the corpora striata, in which the formation of acetylcholine is, of the 
material examined, greatest, were frequently damaged or completely destroyed 
during the slaughter of the animal. It has therefore been necessary to use mainly 
a mixture of the thalami with cortical tissue from the hemispheres. The tissue 
so selected was first finely minced and then thoroughly ground in a mortar. 10 g. 
portions of the material, thus rendered as uniform as possible, were then used 
in the subsequent experiment. In general, each portion was first separately 
ground in a mortar with 5 ml. of an organic solvent containing 5 mg. of eserine 
base, after which additions of further substances dissolved in a small volume of 
saline or phosphate Ringer (pH 7-4) were, if necessary, made. Where required, 
suitable controls were prepared at the same time. After an experimental period 
of 2 hr. at the required temperature the material was quickly and thoroughly 
mixed with 50 ml. of absolute alcohol and left overnight. For the preparation 
of an extract, suitable for assay or comparison, of the acetylcholine present, the 
alcohol was filtered and the residue twice thoroughly washed with more of the 
solvent. The combined filtrate and washings were evaporated to dryness under 
diminished pressure at low temperature, and if, as often happened, the material 
could not be submitted immediately to the remaining stages of purification, the 
dry residue was stored in an evacuated desiccator over H,SO,. In any case, it 
was next intimately mixed with a total volume, including that used for washing 
purposes, of 20 ml. of 10% trichloroacetic acid, centrifuged to remove insoluble 
material, and the centrifugate extracted 4 times with ether to remove the bulk 
of the trichloroacetic acid. The solution was now made just alkaline to litmus 
by the addition of NaHCO,, extracted 5 times with chloroform to remove the 
eserine, and, after again making acid with tartaric acid, evaporated to dryness 
under diminished pressure at low temperature. The dry residue was stored, as 
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before, in a desiccator. This process of purification, although long and tedious, 
has been used througbout this work because it not only removed a large amount 
of impurity from the alcoholic extracts but also yielded a product which was 
completely and readily soluble in water. The assay or comparison of the amount 
of acetylcholine in these extracts has usually been made on the dorsal muscle 
of the leech. Occasionally, however, strips of the small intestine of the rabbit or 
of the frog’s auricle have been used as test objects. 


Efficacy of method of extraction 


Apart from the probability of its greater efficiency, the choice of alcohol 
rather than of aqueous solvents for the extraction of acetylcholine from brain 
tissue was made largely because it was thought that dilution of the tissue with 
a relatively large volume of a dehydrating solvent would rapidly arrest any 
enzymic processes which might be involved in the production of acetylcholine. 
Its use possessed, moreover, the additional practical advantage that the alcohol 
could be much more readily filtered from the residual solid than could, for 
example, aqueous trichloroacetic acid. It became necessary, however, to test 
the relative efficacies of various solvents, particularly in view of the opinions 
which have heen expressed regarding the occurrence in nervous tissue of a 
bound form of acetylcholine. Such a possibility was discussed about 6 years 
ago by Chang & Gaddum [1933]. Since that time Corteggiani et al. [1936; 1937] 
have stated that by heating brain tissue with physiological saline in the presence 
of eserine at 70° for 3 min. more acetylcholine passes into the solvent than when 
the extraction is carried out at room temperature, and they have attributed 
this result to the presence in the tissue of a complex which liberates acetylcholine 
under the influence of heat. Loewi et al. [1937; 1938] have similarly found that 
eserinized Ringer extracts considerably less acetylcholine from the central 
nervous system of the frog than does N/100 alcoholic HCl, and have also con- 
cluded that a combined form of acetylcholine is present in nervous tissue. More 
recently, Mann et al. [1938, 1, 2] have attributed the power of chloroform, 
described in our first communication, of producing a large increase in the amount 
of extractable acetylcholine present in brain tissue to the ability of this solvent to 
liberate acetylcholine from a complex in which it already exists in a preformed 
but combined condition. The properties ascribed by the last-mentioned authors 
to their hypothetical complex are of such a nature that it is impossible directly 
to disprove its existence. It can, however, be readily shown that such a complex, 
if it does exist, is quite different from that of Loewi. Thus, 10 g. of brain tissue 
were thoroughly ground with chloroform-eserine and kept for 2 hr. at room 
temperature, when 100 ml. of N/100 alcoholic HCl were added. Three similar 
portions of the same material were treated immediately with 100 ml. of alcohol, 
N/100 alcoholic HCl or 10% trichloroacetic acid respectively. Alcohol and 
alcoholic HCl extracted identical amounts of acetylcholine from the untreated 
tissue; trichloroacetic acid extracted slightly less, due probably to loss on 
account of difficulties in manipulation ; while the tissue treated with chloroform 
yielded 9-10 times as much as the controls. According to Loewi, V/100 alcoholic 
HCl extracts both free and bound acetylcholine from nervous tissue. It follows 
that the increased yield of acetylcholine obtained after treatment with chloro- 
form does not originate from the bound form of this substance which Loewi 
has demonstrated to exist in nervous tissue. The experiment shows, moreover, 
that alcohol, which we have consistently employed for the extraction of acetyl- 
choline from tissue, is as efficient a solvent for this purpose as V/100 alcoholic 
HCl and is at least as efficient as 10 % trichloroacetic acid. Experiments quoted 
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below in another connexion will also demonstrate that the amount of acetyl- 
choline extracted by acetone is identical with that obtained with alcohol. The 
virtual identity of the yields obtained with these various solvents suggests that 
they all effect a complete extraction of acetylcholine, ‘‘bound”’ or free, from the 
tissue. This result does not appear to us to be in conformity with the view that 
the much larger amount of acetylcholine produced relatively slowly in the 
presence of chloroform is already preformed in the tissue. 


Influence of temperature on the chloroform effect 


When we first demonstrated the power of chloroform to increase the formation 
of acetylcholine in brain tissue, our experimental procedure involved the 
incubation of the material at 37°. No reason was given for the choice of this 
particular temperature, and, beyond the unverified assumption that any effect 
which chloroform might possess would be greater at body than at other tem- 
peratures, none, in fact, existed. Mann et al. [1938, 1] have, however, pointed 
out that the effect of chloroform is greater at room temperature than at 37°. 
They claim, moreover, that it is as great at 0° as at 37°. It must be confessed 
that if this were the case and if amounts of acetylcholine comparable with those 
formed at higher temperature were, in fact, liberated at 0°, the argument that 
such acetylcholine represented newly synthesized material would be consider- 
ably weakened. Many experiments, of which the following is typical, have 
therefore been carried out to test this point. 

Four portions of brain tissue were separately treated with chloroform- 
eserine. Of these, the control was mixed immediately with alcohol, while the 
remainder were kept for 2 hr. at 0°, room temperature and 37° respectively. 
The acetylcholine present was then extracted and the yields compared on the 
leech muscle. The results showed that the ratios of the amounts of acetylcholine 
obtained were: control: 0° : 37°: room temperature = | : 1-4 : 5 : 6-5, from which 
it follows, after deducting the value of the control from the remainder, that the 
amounts of acetylcholine produced during the experiment were in the ratio 
0°: 37°: room temperature=1:10:13-8. It is thus clear that the amount of 
acetylcholine pruduced at 0° is only 1/14 and 1/10 of that formed at room 
temperature and 37° respectively. This amount, while not entirely negligible, is 
so small that it appears justifiable to assume that it is mainly produced during 
the short period necessary to reduce the temperature of the material to 0°. 
Similar results were obtained in other experiments, in some of which the acetyl- 
choline was assayed on strips of rabbit’s intestine. 

Chloroform evidently exerts a dual action on brain tissue. In addition to 
facilitating the formation of acetylcholine, it also effects a destruction of the 
mechanism responsible for this formation. At 37° the latter process is much 
accelerated ; hence the somewhat smaller yield of acetylcholine. That this is an 
adequate explanation of the phenomenon appears to be confirmed by the facts, 
which will be demonstrated below, that ether is superior to chloroform in its 
ability to cause the formation of acetylcholine in brain tissue, and that its effect 
is, moreover, greater at 37° than at room temperature. The destructive action 
of ether on the mechanism involved is apparently either smaller than that of 
chloroform or is entirely absent. 


Effect of various organic solvents on the formation of acetylcholine 
In attempting to elucidate the mechanism of the action of chloroform in 
increasing the amount of extractable acetylcholine in brain tissue, we have 
carried out a number of experiments in which chloroform has been replaced 





814 E. STEDMAN AND E. STEDMAN 


by other solvents. These quickly demonstrated that ether is more effective both 
at room temperature and at 37° than chloroform under the same conditions. 
Experiments with acetone at room temperature, however, gave yields of acetyl- 
choline identical with those obtained both in the usual control and in one in 
which the 10 g. sample of brain tissue was treated immediately with 100 ml. 
acetone. Alcohol, on the other hand, yielded, at room temperature, slightly 
more acetylcholine than the control. In two experiments, again at room tem- 
perature, a quantitative comparison was made of the yields obtained with the 
effective solvents. In one of these, six times as much acetylcholine was obtained 
from the sample treated with ether, and 3-2 times as much from that treated 
with chloroform, as from the one treated with alcohol. In the second the 
usual control was also made. The results can be summarized by the ratio 
control : alcohol : chloroform : ether=1:1-9:4:1:7. If the amount formed 
in the control is deducted from the remainder, the ratio alcohol : chloroform : 
ether=1 : 3-5: 6-7 is obtained. It is apparent from these results that the two 
strongly dehydrating solvents, alcohol and acetone, both destroy the mechanism 
responsible for the formation of acetylcholine in brain tissue. Acetone is, 
however, evidently the more effective in this respect since some formation 
continues in the presence of alcohol unless relatively large volumes, such as we 
use in the extraction of the acetylcholine, are employed. The fact that the 
yield obtained from brain tissue after treatment with chloroform is less than 
that produced in the presence of ether can thus clearly be attributed to a similar, 
but less rapid, destruction of the mechanism in question by this solvent. Not 
only, however, does ether cause a greater formation of acetylcholine at room 
temperature than chloroform, but it also differs from the latter solvent in that 
its effect is increased at 37° whereas that of chloroform is diminished. This is 
apparent from Fig. 1 


Effect of various substances on the formation of acetylcholine 


We have already stated [Stedman & Stedman, 1938] that the addition of 
sodium acetoacetate to brain tissue treated with chloroform-eserine caused an 
increase of 100 % in the yield of acetylcholine extractable from such tissue, and 
that the addition of choline produced a further, but smaller, increase in the 
yield. In the experiments, which have not hitherto been recorded, on which 
this statement was based, the brain tissue was prepared according to our 
standard procedure, four portions being separately treated with chloroform- 
eserine and then ground with 2 ml. of saline without further addition or with 
the same volume of saline containing 10 mg. of choline chloride, 20 mg. of sodium 
acetoacetate or of both these substances respectively. The material was incubated 
for 2 hr. at 37° when the acetylcholine was extracted, acetoacetate and/or 
choline in the above amounts being added to the alcoholic extracts of the 
samples which had not been treated with these substances, and a comparison 
made of the amounts obtained from the various portions. Some of the leech 
tracings are reproduced in Fig. 2. An examination of the responses shows that, 
both in the presence and absence of acetoacetate, choline causes a small but 
definite increase in the yield of acetylcholine. A similar and subsequent experi- 
ment, moreover, completely confirmed this result. Nevertheless, it must be 
recorded that in several experiments, identical with the above except that the 
material has been kept at room temperature instead of at 37°, we have since been 
unable to demonstrate any effect due to choline. 

As regards the influence of acetoacetate, it is evident from Fig. 2 that this 
substance has approximately doubled the yield of acetylcholine. This rough 
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Fig. 1. Fig. 3. 
Effect of temperature on the formation of acetylcholine in the ether preparation. R=kept 
at room temperature for 2 hr.; 37=incubated at 37° for 2 hr. Final volume of extracts = 
250 ml. 


Effect of acetoacetate on the formation of acetylcholine in the chloroform preparation at 


room temperature. Final volume of extracts =50 ml. 
C=control. 
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2. Effect of sodium acetoacetate and of choline on the formation of acetylcholine in the 
chloroform preparation at 37°. For details, see text. Final volume of extracts =250 ml. 
C=control; Ac=with added acetoacetate; Ch=with added choline; AcCh=with added 
acetoacetate and choline. 
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Fig. 5. 


Effect of glucose on the formation of acetylcholine by brain tissue suspended in phosphate- 
Ringer at 37°. Final volume of extracts =15 ml. G=with added glucose; C = control. 


Continuation of Fig. 4, showing absence of effect on shaking with chloroform after in- 
cubation. CHCl, =shaken with chloroform. 
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estimate of its effect has, moreover, been confirmed in numerous similar experi- 
ments in which more accurate comparisons with the controls have been made. 
Mann et al. [1938, 1] appear also to have confirmed this result, but they state 
that, even in the presence of acetoacetate, the amount of acetylcholine produced 
at 37° is no greater than that at room temperature in its absence. They further 
claim that acetoacetate does not increase the yield of acetylcholine if the tissue 
is kept at 18° in the presence of chloroform. This is entirely contrary to our 
experience. Fig. 3, for example, shows that addition of acetoacetate to the 
chloroform preparation at room temperature greatly increases the yield of 
acetylcholine, and similar results have been obtained on numerous occasions. 
Since there is thus no doubt that acetoacetate does increase the formation of 
acetylcholine in such preparations, the point as to whether or no the yield at 37° 
in the presence of acetoacetate is no greater than at 18° in its absence becomes 
immaterial. 

We have previously shown [Stedman & Stedman, 1937] that addition of 
sodium pyruvate to brain tissue treated with chloroform-eserine diminishes the 
formation of acetylcholine in such tissue when it is incubated at 37°. In view 
of the above results, the effect of this substance has been examined at room 
temperature. It has been found that sodium pyruvate still exerts a considerable 
inhibitory action on the formation of acetylcholine under these conditions. 


Quantitative assays of the yield of acetylcholine 

In the preceding experiments the influence of any particular treatment on 
the formation of acetylcholine in brain tissue has been ascertained by directly 
comparing the response of the leech muscle to extracts of the treated tissue with 
similar extracts of suitable controls. While this is probably the most rapid, and 
certainly the most accurate method of determining the relative effects of the 
treatment, it nevertheless seemed desirable to measure the absolute amounts of 
acetylcholine produced under certain conditions. Some results of such measure- 
ments are recorded in the following experiments. 

Of five 10g. portions of minced and ground ox brain, one.(control) was 
treated immediately with 50 ml. alcohol, two were ground with chloroform- 
eserine and two with ether-eserine, 1 ml. of saline or of a solution of sodium aceto- 
acetate (20 mg.) in saline being added to the chloroform and ether preparations. 
After 2 hr. at room temperature alcohol was added to the latter preparations 
and the acetylcholine extracted in the usual manner. The results of the assays 
were: control, 1-3-1-4; chloroform, 6-0; ether, 8-7; chloroform + acetoacetate, 
12-5; ether + acetoacetate, 14-5 wg. per g. tissue. 

Another specimen of brain tissue was treated with ether-eserine and 20 mg. 
sodium acetoacetate and incubated for 2 hr. at 37°. Assay showed the presence 
of 23 wg. acetylcholine per g. extract. The control, treated in the same way 
except that no acetoacetate was added, gave a yield of about 17 yg. per g. 

We have not made extensive examination of nervous tissue from species 
other than the ox, but it seemed desirable to ascertain if the above values were 
peculiar to brain tissue from this animal or if values of the same order of magni- 
tude were given by other species. We therefore carried out some preliminary 
experiments with the rat, this species being selected mainly because the brain 
could be: obtained immediately on removal from the animal. One whole brain 
was minced and ground in a mortar without any addition. It was then treated 
with 50 ml. acetone and the extract worked up in the usual manner. Assay 
showed a content of 0-6 wg. acetylcholine per g. tissue. Another whole brain 
was similarly prepared, ground with ether-eserine and incubated at 37° for 2 hr. 








ACETYLCHOLINE IN BRAIN 817 


The yield of acetylcholine in this case was 16 yg. per g. The numerical results 
from these two experiments, although obtained from different brains, differ so 
widely in magnitude that they leave little doubt that brain tissue from the rat 
is quite comparable with that from the ox as regards its production of acetyl- 
choline under the influence of ether. 


Formation of acetylcholine in aqueous media 


It has previously been shown [Stedman & Stedman, 1937] that when brain 
tissue is ground with water containing eserine sulphate and the material in- 
cubated at 37° little, if any, acetylcholine is formed. Apparently water, like 
certain organic solvents, destroys the mechanism responsible for the production 
of acetylcholine in brain tissue. Nevertheless, Mann et al. [1938, 2] have found that 
when a suspension of brain tissue in eserinized phosphate Ringer is shaken at 37° 
in an O, atmosphere, there occurs an accumulation of acetylcholine in the 
suspension fluid. It thus seemed desirable to compare the amounts of acetyl- 
choline formed under the influence of chloroform with those produced in 
aqueous media. For the latter experiments, 10 g. portions of brain tissue were 
ground with a total of 10 ml. phosphate Ringer (pH 7-4) or of physiological 
saline containing eserine sulphate and the suspension shaken in air under various 
conditions, 100 ml. alcohol being added at the termination of the experiment, 
after which the acetylcholine was extracted and assayed in the usual manner. 
The results show that while there is some formation of acetylcholine at room 
temperature, the amount is smal] compared with that produced at 37°. At the 
latter temperature, using a period of 2 hr., the amount produced is generally 
slightly smaller, but never greater, than that formed under the influence of 
chloroform at room temperature. If 5 ml. chloroform are added to the sus- 
pension in Ringer at the commencement of the experiment, the formation of 
acetylcholine is inhibited to a considerable degree at 37°. At room temperature, 
however, it is increased to a value approximately equal to that formed at the 
same temperature in the presence of chloroform alone. Without discussing these 
results in detail, it will, we think, be agreed that they can be best interpreted on 
the assumptiou that the acetylcholine formed in aqueous media has the same 
origin as that produced under the influence of chloroform. At room temperature, 
chloroform is much more efficient than Ringer; at 37°, however, its deleterious 
action again becomes apparent. 

Many experiments have also been carried out with suspensions of brain 
tissue in phosphate Ringer at 37° to which 20 mg. glucose or of sodium pyruvate 
have been added. According to Mann et al. [1938, 2] the addition of these sub- 
strates should considerably enhance the yield of acetylcholine. In some experi- 
ments we did, indeed, observe a small but scare ely measurable increase, but in 
others none was de tectable. Je were inclined to attribute the discrepancy 
between our results and those of Mann et al. to differences in technique. Our 
preparations were, for example, shaken in air instead of in O,. The ox brain 
tissue which we employed was, moreover, necessarily less fresh than the rat 
brain tissue used by these authors. We therefore carried out some experiments 
with rat brains, of which the following are typical. 

Four rat brains were finely minced and thoroughly ground in a mortar. 
Three 1 g. portions of the tissue were separately ground with 0-5 ml. saline 
containing 0-5 mg. eserine sulphate and washed into flasks with 5 ml. phosphate 
Ringer (pH 7-4). To one flask was added 1 ml. saline and to the remainder | ml. 
saline containing 10 mg. glucose. The flasks were then filled with O,, placed in 
a bath at 37°, and shaken for 2 hr. After cooling to room temperature, 0-5 ml. 
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chloroform was added to one of the flasks containing glucose and the contents 
vigorously shaken. All were then left for 1 hr. at room temperature, when the 
experiment was stopped by the addition of 50 ml. acetone to each flask. The 
acetylcholine was then extracted and assayed in the usual manner. Fig. 4 
shows the effect on the leech muscle of equal volumes of extracts from the 
control (no added glucose) and from the portion to which glucose was added. 
It is clear from this that, while the yield of acetylcholine from the latter was 
slightly greater than from the control, the difference is so small as to be of 
doubtful significance. The same tracing is continued in Fig. 5, from which it is 
apparent that shaking with chloroform under the conditions used in this experi- 
ment causes no increase in the yield of acetylcholine. 

Another experiment was carried out which was identical with the above 
except that the amount of glucose added was restricted to 2 mg. and the treat- 
ment of one portion with chloroform omitted. In this experiment a quantitative 
assay of the yield of acetylcholine was made. This showed that the quantity 
produced in the experiment with added glucose, which was identical within 
the limits of experimental error with that produced in its absence, was at least 
18 pg. per g. 

It should be noted that the above results are in complete contradiction with 
those of Mann e¢ al. [1938, 2] who claim (1) that the addition of glucose to the 
suspension medium causes a large increase in the yield of acetylcholine, and 
(2) that treatment with chloroform, as carried out in our experiment, causes a 
further increase. We are at a loss to explain the discrepancy between the two 
investigations. Our experiments were carried out under conditions as similar as 
possible to those of Mann et al. They differed merely in the facts that we (1) prob- 
ably used rather more brain tissue, and (2) extracted the acetylcholine from 
both the suspension medium and the tissue with acetone instead of assaying that 
in the suspension medium alone. This method of extraction should not, however, 
remove acetylcholine from the hypothetical “ preformed-precursor”’, for, as we 
have shown in our preceding experiments that formed as a result of treatment 
with chloroform, which is supposed to originate from the ‘‘ preformed-precursor ”’, 
is not extractable with acetone until such treatment has been carried out. We 
should nevertheless feel inclined to attribute our failure to demonstrate any 
effect of glucose to a difference in technique, were it not for the fact that the 
yield of acetylcholine which we obtained in the absence of added glucose is of 
the same order of magnitude as that obtained by Mann e? al. in its presence. It 
is probable that the relative amount of suspension fluid which we employed was 
somewhat smaller than that used by Mann et al., but we cannot think that the 
discrepancy is attributable to this. 


Discussion 


The ultimate aim of this investigation is to elucidate the mechanism of the 
biological formation of acetylcholine. Many of the experiments described above 
have, however, been carried out with the object of examining certain objections 
which Mann et al. have raised to our view that the acetylcholine formed in brain 
tissue when such tissue is incubated with chloroform is actually synthesized 
in vitro. Of these objections, the only one for which experimental foundation is 
claimed is that the yield of acetylcholine from a chloroform preparation is 
greater at room temperature than at 37°, and that it is, moreover, no greater 
at the latter temperature than at 0°. As we have shown above, only negligible 
amounts are, in fact, formed at 0°, but we agree that somewhat more is produced 
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at room temperature than at 37°. While there is no difficulty in supposing that 
the mechanism, present in nervous tissue, which is responsible for the synthesis 
of acetylcholine can function at temperatures of about 18°, as indeed it must so 
function in cold-blooded animals, it must be admitted that one would expect 
its efficiency to be greater at the higher temperature of 37°. This minor anomaly 
has, however, been completely explained by our experiments with ether. It 
can, we think, scarcely be disputed that the acetylcholine formed in the ether 
preparation originates from the same source, and by the same mechanism, as 
that produced in the chloroform preparation. But, as we have shown above, 
the amount of acetylcholine so formed in the ether preparation is not only 
greater than that in the corresponding chloroform preparation both at room 
temperature and at 37°, but the process exhibits a considerably greater efficiency 
at the higher temperature. It is, we think, clear from this result that the 
chloroform exerts a deleterious action on the mechanism of the process in question 
which is much more rapid at 37° than at room temperature. 

This explanation of the anomalous temperature effect in the action of 
chloroform does not, however, entirely dispose of the claim of Mann e¢ al. that 
there exists in brain tissue a “preformed-precursor” of acetylcholine. It is 
therefore necessary to consider this claim in more detail, for it must be admitted 
that if the ability of chloroform and, presumably, ether to increase the amount 
of extractable acetylcholine in brain tissue is merely due, as these authors suggest, 
to their power of releasing such acetylcholine from a precursor in which it 
exists in a preformed condition, then experiments such as we have carried out 
must necessarily be incapable of providing information regarding the mechanism 
of the biological formation of acetylcholine. 

What, then, is the evidence for the existence of the “ preformed-precursor” 
of Mann etal.? Briefly, their claim is based largely on the following observations: 
(1) When a suspension of brain tissue in certain aqueous media is shaken at 37° 
in O,, there occurs an increase in the acetylcholine content of the suspension 
medium. (2) If, after such increase has occurred, the suspension is shaken with 
chloroform or brought to pH 3-0 and left at room temperature for a period of 
from 30 to 90 min., a further increase takes place. The second increase is sup- 
posed to demonstrate the existence, and to be a measure of the amount, of the 
‘‘preformed-precursor” in the tissue after incubation. Now, it is to be noted 
that Mann ef al. only measure the acetylcholine content of the suspension 
medium. According to Loewi, the aqueous media which they employ are 
incapable of completely extracting this substance from nervous tissue, and one 
is therefore justified in concluding that there exists a residue of unextracted 
acetylcholine in their material. Loewi has further shown that aqueous acids, 
as well as alcoholic HCl, liberate this “* bound” acetylcholine. It is therefore not 
surprising that the yield of acetylcholine in the suspension fluid slowly increases 
after acidification. So far the ‘‘ preformed-precursor” of Mann et al. appears to 
be nothing else than the “‘bound”’ acetylcholine of Loewi. But Mann ef al., 
utilizing under somewhat different conditions our observation that treatment of 
brain tissue with chloroform causes a large increase in its content of acetyl- 
choline, claim to have demonstrated by this means the existence of their 
‘preformed-precursor” and simultaneously to have proved that the acetyl- 
choline produced in our experiments had not been synthesized in vitro but had 
pre-existed in the tissue. While it has not been definitely proved, it must be 
presumed, unless evidence to the contrary is provided, that the additional 
acetylcholine formed under the influence of chloroform in the experiments of 
Mann et al. has the same origin as that produced by the same agent under the 
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conditions which we employ. If, however, this presumption be accepted, it is 
clear that the source of this acetylcholine cannot be the “bound” acetylcholine 
of Loewi, for our experiments have proved without doubt that treatment of 
brain tissue with chloroform causes the formation in such tissue of an amount 
of acetylcholine many times greater than can be extracted from similar but 
untreated tissue by solvents which remove Loewi’s “bound” acetylcholine, and 
we are thus faced with the prospect of dealing with the presence of two different 
bound forms of the substance. Actually, however, there is at present no evidence 
for the existence of the * preformed-precursor ”’ as distinct from Loewi’s “* bound”’ 
form. Its conception is merely an interpretation of our discovery of the influence 
of chloroform. Mann et al., in fact, virtually argue that its presence is proved by 
the ability of chloroform to cause the formation of acetylcholine in brain tissue, 
and hence that such acetylcholine must originate from it. 

The quantitative data which we have provided give, moreover, no evidence 
in support of the existence of the “‘preformed-precursor’’. Thus, minced and 
ground ox brain which we use in our experiments contains a total, including 
Loewi’s “bound” acetylcholine, of about 1-5 ug. acetylcholine per g. Similar 
tissue from a rat’s brain contains even less. Yet by incubating such tissue with 
ether, the effect of which must clearly be similar to that of chloroform, these 
amounts can be raised to 17 and 16 yg. per g. for the ox and rat respectively, 
figures which are of the same order of magnitude as those obtained by Mann et al. 
in experiments in which they claim that a considerable synthesis of acetylcholine 
has occurred. The conclusion thus seems inescapable that the acetylcholine 
formed in the presence of certain organic solvents has the same origin as that 
formed in aqueous media, i.e. that both are synthesized in vitro. We do not 
yet know the complete function of the organic solvent. One of its functions is, 
of course, to act as a vehicle for conveying the eserine into the tissue, but it 
probably also exerts some other action. 

If it be agreed, as we think it must be, that the acetylcholine formed in the 
presence of chloroform or ether is synthesized in vitro and does not exist in a 
preformed condition in the tissue, it follows that any process capable of modifying 
the yield formed under these conditions can be regarded as legitimate evidence 
concerning the mechanism of the synthetic process. Now, with the exception of 
choline itself, which has not given entirely consistent results, we have so far 
discovered only two substances which modify the process to a considerable 
extent. These are sodium pyruvate and sodium acetoacetate. The former 
substance, when added to our chloroform preparation, produces a considerable 
inhibition of the formation of acetylcholine both at room temperature and at 37°. 
We conclude that sodium pyruvate cannot be a precursor of acetylcholine, and 
we might here also point out that its behaviour is scarcely consistent with the 
view that the acetylcholine formed in our chloroform preparation originates from 
a ‘‘preformed-precursor’’. Sodium acetoacetate, on the other hand, consider- 
ably increases the yield of acetylcholine both in the chloroform and ether pre- 
paration, the amount of additional acetylcholine for which it is responsible 
representing 4-5 times that present in the minced tissue before treatment with 
the solvent. The combined effect of incubation, after addition of ether-eserine, 
and addition of sodium acetoacetate is much greater than this and, as we have 
shown, is capable of raising the acetylcholine content to 23 yg. per g., ie. to 
about 15 times that originally present. We consider this to constitute substantial 
evidence that acetoacetic acid is, in fact, a precursor of acetylcholine. We 
admit that we should like to confirm this view by experiments with aqueous 
media, but we have so far failed to realize the necessary conditions. The second 
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precursor must, of course, be either choline itself or some derivative of choline. 
We do not propose, however, to discuss this point at present since, as pointed 
out above, our experiments with choline have not been entirely consistent. 


SUMMARY 


A study has been made of the formation of acetylcholine by brain tissue 
in vitro under various conditions. The amount formed when a suspension of 
minced ox brain in eserinized Ringer is shaken for 2 hr. at 37° is approximately 
equal to that produced by grinding the minced tissue with chloroform-eserine 
and keeping it at room temperature for the same period. 

Ether resembles chloroform in its ability to promote the formation of 
acetylcholine in brain tissue, but it is more efficient. In the case of ox brain, 
increases from 1-5 yg. before to 17 ug. per g. after treatment have been observed. 
The corresponding figures for rat brain tissue are 0-6 wg. and 16 yg. respectively. 

The effect of ether is greater at 37° than at room temperature. The reverse 
holds for chloroform. An explanation of this difference is offered. Contrary to 
the statement of Mann e¢ al. the amount of acetylcholine formed in the chloro- 
form preparation at 0° is exceedingly small and is almost negligible compared 
with that produced at 37°. 

Addition of sodium acetoacetate to the chloroform or ether preparations 
increases the yield of acetylcholine. Contrary to the statement of Mann et al. 
this increase also occurs in the chloroform preparation at room temperature. 

When a suspension of minced rat brain in eserinized Ringer is shaken in O, 
for 2 hr., acetylcholine to the extent of 18 wg. per g. is formed. Addition of 
glucose to the suspension medium under conditions which have been carefully 
defined does not appreciably increase the yield. These results are contrary to 
those of Mann et al. 

It is suggested (1) that acetoacetic acid is a precursor of acetylcholine, and 
(2) that the “‘preformed-precursor”’ of Mann ef al. does not exist. 
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TuE physiological evidence for the existence of a relationship between potassium 
ions and acetylcholine liberation in nervous structures [Brown & Feldberg, 
1936; Feldberg & Guimarais, 1936; Beznak, 1934] led us to examine the effects 
of changes of potassium ion concentration on the synthesis and liberation of 
acetylcholine in brain tissue,in vitro. The results have thrown new light on the 
nature of the dynamic equilibria, involving acetylcholine metabolism, which 
exist in the central nervous system. The present communication is concerned 
with a description of these results and of their consequences. 


TECHNIQUE 


Estimation of acetylcholine. The ester was estimated by measuring the con- 
traction of the eserinized longitudinal muscle from the dorsum of a leech as 
recorded on a slowly revolving smoked drum. The contraction was compared 
with those caused by known quantities of acetylcholine chloride. All results are 
given in terms of acetylcholine chloride per g. tissue. Details of the estimation 
are given by Quastel et al. [1936]. 

Preparation and examination of brain tissue. The brain was carefully removed 
from the animal (rat, guinea-pig) as soon as possible after death. It was then 
either minced or sliced, the slices not being confined entirely to the cortex of 
the brain, but being taken from the entire cerebrum. Known quantities of the 
tissue (100-200 mg. wet weight)! were placed in suitable media in Warburg 
manometric vessels. The slices, 0-2—0-3 mm. thick, were bathed in Locke medium, 
allowed to drain thoroughly and weighed quickly on a torsion balance before 
being immersed in the medium in the Warburg flask. About 100 mg. wet weight 
of the tissue were placed in each flask, care being taken that there was an 
approximately equal distribution of the slices between the flasks. Possible 
inaccuracies due to the presence of different proportions of grey matter to white 
matter in the various flasks were eliminated by frequent repetition of the 
experiment, those results being accepted which had been consistently obtained 
after a number of experiments. 

1 It is important not to employ too large quantities of tissue under our experimental conditions, 
since not only may it be difficult to remove metabolites from such large quantities of tissue but 
the rates of O,-uptake may be so great as to be limited by the diffusion of oxygen into solution 
and not by the amount of tissue or by the concentration of metabolite. Under such conditions 
it is clearly impossible to carry out comparative experiments on the influence of metabolites, etc. 


on the rates of acetylcholine formation. We have found that amounts of the order given, e.g. 
100 mg. wet weight, are the most convenient. 


( 822 ) 




















ACETYLCHOLINE METABOLISM IN C.N.S. 823 


The vessels were filled with O,, or a mixture of 95% O, and 5% CO,, or with 
other gases as will be indicated. The experimental period varied from 1 to 3 hr. 
at 37°, but was usually 1 hr., excluding an initial period of 15 min. allowed to 
enable the contents of the vessels to arrive at the temperature of the bath. 
The rates of O,-uptake or of gas exchange by the tissue in each vessel were always 
noted, as these gave valuable indications of the metabolic activities of the tissues 
under the given experimental conditions. At the end of the experimental period, 
the acetylcholine activity of the contents of each manometric vessel was 
estimated. 

- Media. Solutions were made up to have an osmotic pressure approximately 
equal to 0-16.M NaCl. The final volume of the medium was made up to 3-0 ml. 
with 0-16.M NaCl after all other desired substances had been added. The pH 
was maintained at 7-4. The phosphate-Locke medium generally used consisted 
of NaCl, 0-13M; KCl, 0-004M; CaCl,, 0-002M; sodium phosphate buffer 
solution pH 7-4, 0-03. The bicarbonate-Locke medium, which was used in 
presence of an atmosphere of 95% O,+5°% CO,, consisted of NaCl, 0-13.M; 
KCl, 0-004.M; CaCl,, 0-002; NaHCO,, 0-025 M. To these media were added 
glucose (0-01 M), etc., as occasion demanded. 

When minced brain tissue was used in a phosphate medium, the manometric 
vessels were filled with air. 

Eserine sulphate (0-2 ml. 1/400) was added to the medium in the manometric 
vessel either at the commencement or at the termination of an experiment. It 
was frequently placed in the side tube of the vessel and tipped into the vessel 
at an appropriate time. 

Estimation of free acetylcholine. The free acetylcholine is the amount found 
in the medium surrounding the tissue at the termination of an experiment. The 
slices were removed, after careful draining, from the contents of the vessel and 
placed in an eserinized-Locke medium. The contents of the vessel were then 
tested directly on the eserinized leech preparation, and the acetylcholine 
activity was estimated. When minced tissue was used, the contents of the mano- 
metric vessel were centrifuged and the acetylcholine activity of the clear centri- 
fugate was estimated. 

Estimation of “combined” acetylcholine. The slices from the manometric 
vessels, after being well washed in an eserinized Locke medium, were broken up 
with a glass rod and suspended in a solution of 2-1 ml. eserine-Locke medium, 
0-5 ml. sodium phosphate (0-2.M/) buffer solution pH 7-4 and sufficient N HCl 
to bring its pH to 2-0-3-0. After 30 min. at room temperature, the solution was 
made neutral (pH 7-4) by the addition of a few drops of N NaOH, the suspension 
was centrifuged and the acetylcholine activity of the clear centrifugate was 
estimated. The same treatment was accorded to minced tissue after this had 
been centrifuged and well washed with eserinized Locke medium. 

This method of estimating ‘‘bound” or “combined” acetylcholine has been 
found to give quantitatively similar results to those obtained by trichloroacetic 
acid, chloroform or heat treatments. 

Estimation of ‘‘total” acetylcholine. When it was unnecessary to make 
separate estimates of free and ‘‘combined” acetylcholine, the “total” (i.e. 
free + “‘combined”’) acetylcholine was determined by adding N HCl to the sus- 
pensions in the manometric vessels until the pH was 2-0-3-0, keeping them at 
room temperature for 30 min. and then making the solution neutral with 
N NaOH. The slices were well broken up with a glass rod before the solution 
was made acid. The suspensions were finally centrifuged and the “total” 


acetylcholine was estimated in the clear centrifugate. 
52 


Biochem. 1939 xxxuI 











824 P. J. G. MANN, M. TENNENBAUM AND J. H. QUASTEL 


Preliminary remarks concerning acetylcholine synthesis in brain 


Quastel et al. [1936] showed that the formation of free acetylcholine by brain 
cortex slices is greatly increased when they are allowed to respire in a physio- 
logical medium containing eserine and either glucose, lactate or pyruvate. 
Since no such increased rate of formation of acetylcholine occurs when the slices 
are incubated in this medium under anaerobic conditions or when they are 
incubated in a medium free of a suitable metabolite (even if oxygen is freely 
available) it is evident that synthesis of acetylcholine takes place in brain tissue 
only under the proper physiological conditions. In the absence of eserine no 
acetylcholine can be detected, this being clearly due to the activity of the 
choline esterase present in the brain tissue. 

It was then found by Mann, Tennenbaum & Quastel [1938] that there exists 
in brain tissue a combined form of acetylcholine which is pharmacologically 
inactive and which breaks down to yield free acetylcholine under a variety of 
conditions. It is stable under neutral conditions at 0°, but is less so at higher 
temperatures. Treatment with acid, e.g. at pH 3, releases free acetylcholine 
from the bound form at room temperature, but breakdown takes place at a 
higher pH, e.g. 6-0 or 6-5, at 37°. The substance releases free acetylcholine after 
treatment with a denaturing agent, e.g. after shaking with chloroform. It is 
apparently non-dialysable or diffusible and it has the properties of a protein 
complex. There can be little doubt that this substance is identical with the 
complex in brain tissue described by Corteggiani [1937] which on heating to 70° 
for 3 min. gives rise to acetylcholine. The action of alcohol, or of acid alcohol, in 
liberating free acetylcholine, described by Loewi [1937], is probably due to a 
denaturing action on “bound” acetylcholine. It has been thought for some time 
[see Gaddum, 1935] that acetylcholine found in tissue extracts may not be 
derived entirely from the freely diffusible ester in the tissue but that it may be 
present in the tissue as a comparatively stable precursor. 

“Bound” acetylcholine was found by Mann, Tennenbaum & Quastel [1938] 
to be synthesized in brain tissue when the latter is allowed to respire in presence 
of glucose, lactate or pyruvate, but under anaerobic conditions, or in the absence 
of a suitable metabolite, no synthesis takes place. “‘Bound” acetylcholine is 
also synthesized by brain tissue under the proper physiological conditions in the 
absence of eserine, but, of course, in this case no free acetylcholine can be 
detected. The effect of glucose, lactate or pyruvate in securing synthesis of the 
“bound” acetylcholine is much greater than that due to added acetylcholine. 
It became clear that the experimental results were not consistent with the view 
that free acetylcholine is first formed and that this is adsorbed by the cell 
constituents to form ‘‘ bound” acetylcholine. It seemed more probable that the 
synthesis of acetylcholine takes place through the intermediate formation of 
“bound”’ acetylcholine which we have therefore referred to as acetylcholine 
precursor. The main reasons for this conclusion are as follows. 

(1) The formation of the complex is not greatly higher in the presence of 
eserine, which prevents the destruction of free acetylcholine, than in its absence 
[Mann, Tennenbaum & Quastel, 1938]. It would be expected that if the com- 
plex were formed secondarily by adsorption of free acetylcholine on cell structures 
the presence of eserine would greatly increase the formation of the complex 
because of the presence of an increased concentration of free acetylcholine. 

(2) The rate of formation of the complex in the brain is more rapid than 
that of free acetylcholine. Typical results illustrating this statement are shown 


in Table I. 
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Table I 


A fresh rat brain was minced finely and suspended in 5 vol. Locke medium in the absence of 
eserine. The suspension was divided into several equal parts which were then placed in W. arburg 
vessels containing a phosphate-glucose (0-01.M/)-eserine medium. Incubation was allowed to 
proceed in an atmosphere of air at 37°. The contents of the first vessel were analysed at once for 
free and combined acetylcholine; this gave the initial figures (i.e. preformed ester). The contents 
of the second vessel were analysed after 30 min. incubation, those of the third after 60 min. and 


so on. Total 
Time acetylcholine 
min. Free Combined pg./g. 
0 0 <2-5 <2°5 
30 25 6-3 8-8 
60 3-7 75 11-2 
120 7-5 75 15-0 


Evidently the amount of “combined” acetylcholine rapidly reaches a 
limiting value whilst that of free acetylcholine slowly increases with time. This 
could occur if the complex were formed first, with subsequent breakdown to 
free acetylcholine, or if free acetylcholine were formed first with subsequent 
rapid adsorption to form the complex. Experiments designed to test the latter 
possibility have failed to show a sufficiently rapid rate of formation of the 
complex from added acetylcholine in presence of brain tissue [Mann, Tennen- 
baum & Quastel, 1938] and the conclusion must therefore be drawn that the 
complex, and not the free, acetylcholine is first produced. 

Trethewie [1938] argues that the complex is an association of acetylcholine 
with cell debris. Doubtless this is true, but since it is agreed that all but traces 
of acetylcholine cannot be diffusible in brain tissue and are therefore ‘“‘ bound ”’, 
and since experiment [Mann, Tennenbaum & Quastel, 1938] has shown that the 
ester is not adsorbed by a variety of brain tissue components, it follows that the 
complex must be an association of acetylcholine with a specific constituent 
of the debris. It is reasonable to regard the complex as a definite chemical 
entity until evidence to the contrary is forthcoming. 

That some tormation of the complex takes place when acetylcholine is added 
to brain tissue initially devoid of it is apparent from the experiments of Mann, 
Tennenbaum & Quastel [1938] and of Corteggiani [1938]. It therefore seems 
that an equilibrium exists in the cell between the complex and the free acetyl- 
choline. This is borne out by the fact that in presence of eserine there is a less 
rapid rate of disappearance of the complex than in its absence (see also Corteg- 
giani [1938]). Typical results indicating this fact are shown in Table II. Eserine, 
by allowing accumulation of free acetylcholine to occur, enables also some 
formation of the bound form to take place and thus has the effect of stabilizing 
the complex. 

Table II 

A rat brain was minced and suspended in 5 vol. saline. This was divided into several equal 
parts and one part was examined immediately for “bound” acetylcholine. Each of the remaining 
parts was placed in an appropriate medium in an atmosphere of nitrogen and incubation was 
allowed to proceed for 2} hr. at 37°. After this period the contents of the vessels were analysed 


for the bound ester. “Combined” 
acetylcholine 
Medium pg./g. 
None (initial value) 2-8 
Phosphate-Locke 1-0 
Phosphate-Locke-eserine 2-6 
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The following reaction schemes account for the results which have been 
obtained so far (see Mann, Tennenbaum & Quastel [1938}) : 


Choline + metabolic product produced during Oxygen “Combined” acetylcholine or 
the combustion of giucose, lactate or pyru- —— —» “acetylcholine precursor” 





vate ee ll A ree eee (1) 
constituent 
‘*Combined”’ acetylcholine = Acetylcholine +tissue constituent. eee (2) 


Reaction (1) is normally rapid compared with reaction (2). The quantity of 
free acetylcholine in the cell must normally be low owing to the activity of the 
choline esterase present, the amount present being determined by the con- 
ditions of the dynamic equilibrium set up. 

The conclusion that glucose, or a breakdown product of glucose, is important 
for the synthesis of acetylcholine has received confirmation from MacIntosh’s 
[1938] perfusion experiments carried out on the cat’s superior cervical ganglion. 


Effects of K* on the synthesis of acetylcholine in brain 


Experiments with rat brain slices show that the addition of K+ to the 
medium in which the tissue is respiring may bring about a very large increase 
in the rate of acetylcholine formation. Typical results are shown in Table III. 
The effect of the addition of 0-027. M K+ may result in the formation of acetyl- 
choline to the extent of over 40 y/g.t 


Table IIT 


Rat brain slices in glucose (0-01 .M/)-bicarbonate-Locke-eserine medium. KCl was added to 
the medium, with a corresponding decrease in NaCl to preserve isotonicity. 95% 0,+5% CO,. 
ihr... 37". 

Total acetylcholine formed yg./g. 
poe 





c ™~ 

xp: <.. A B C D E 

Medium with no extra KCl 12-7 10-4 12-0 20-0 21-3 
+0°0135 M KC) 16-5 —_ — — — 
+0-027.M KCl 37°5 41-0 34-0 41-0 45-0 

+0054. M KCl — —_— 15-0 —_ —_ 
+0:11M KCl — 4-0 _ — —_ 
+0:13M KCl 4:3 — — — _ 


The presence of a much greater [K+] brings about, however, a fall in the rate 
of formation of acetylcholine. Concentrations of the order of 0-1M K* inhibit 
the synthesis of the ester. 

It is evident that the accelerating action of 0-027M KCl on the rate of 
formation of acetylcholine is due to K* itself and not to a fall in the [Nat]. A 
fall in the NaCl concentration to the extent of 0-027 has little or no effect on 
the rate of formation of acetylcholine. 

Analysis of the “total” acetylcholine formed in presence of excess K+ shows 
that the increase of acetylcholine formation lies entirely with the free acetyl- 
choline, the amount of ‘‘combined” ester being usually decreased. These results 
are shown in Table IV. 

If eserine is added to the medium at the termination of an experiment, it is 
found that the action of added K+ is to decrease the formation of acetylcholine. 


1 Control experiments have been carried out to show that the amount of K+ introduced 
with the medium into the solution bathing the leech does not itself cause a contraction or affect 
that due to acetylcholine. 
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Table IV 
Rat brain slices. Glucose-bicarbonate-Locke-eserine medium. 95% 0,+5% CO,. 1 hr. 37°. 
Acetylcholine formed yg./g. 


Exp. A Exp. B 
Free Combined Free Combined 
Medium +no added KCl 3-7 9-0 3-2 12-8 
+0-027M KCl 30-0 7-5 20-1 6-6 


This is due to the fact that when eserine is added at the end of an experiment, 
the acetylcholine estimated is almost wholly “bound” acetylcholine. These 


facts are shown in Table V. 
Table V 


Rat brain slices. Glucose-bicarbonate-Locke medium. 95% 0,+5% CO,. 1 hr. 37°. 
“Total” acetylcholine formed yg./g. 





c te 
Eserine added at Eserine added at 
beginning of the exp. the end of the exp. 
Medium +no added KCl 20-0 17-0 
+0-027M KCl 41-0 11-0 


The action of K*+ in increasing the formation of free acetylcholine in brain 
slices takes place also in phosphate media, but the effect is less marked than in 


bicarbonate media (Table VI). 
Table VI 


Rat brain slices. Phosphate-glucose-Locke-eserine medium. O,. 1 hr. 37°. 
Acetylcholine formed yg./g. 


Free Combined 
Medium +no extra KCl 3-5 8-6 
+0-027M KCl 10-0 7-0 


The stimulating action of K+ is confined to a “synthesizing” medium 
The stimulating effect of K+ on acetylcholine formation is not confined to 
glucose. It takes place also in a pyruvate medium in which synthesis of acetyl- 


Table VII 
Rat brain slices. O, or 95% 0,+5% CO,. 1 hr. 37°. Acetylcholine formed 
H8-/8- 

Exp. A Medium Free Combined 
Phosphate-Locke-eserine-pyruvate (0-01 M) 3-5 8-9 
Phosphate-Locke-eserine-pyruvate (0-01 M) +0-027.M KCl 9-6 6°8 
Bicarbonate-Locke-eserine-pyruvate (0-03 /) 6-8 13-7 

30°7 9-2 


Bicarbonate-Locke-eserine-pyruvate (0-03 _M) + 0-027 M KCl 
Total acetylcholine 
Exp. B formed yg./g. 
Phosphate-Locke-eserine-pyruvate (0-01 /) 11-2 


Phosphate-Locke-eserine-pyruvate (0-01 /) +0-011_M KCl 12-3 
Phosphate-Locke-eserine-pyruvate (0-01 .M) +0-021 M KCl 14-7 
Phosphate-Locke-eserine-pyruvate (0-01 M) +0-04 M KCl 15-7 
Phosphate-Locke-eserine-pyruvate (0-01 M) +0-069M KCl 12-2 

Exp. C 
Bicarbonate-Locke-eserine 3-1 
2-5 


Bicarbonate-Locke-eserine + 0-027 M KCl 
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choline occurs. It does not take place, however, in the absence of a substrate, 
where no synthesis obtains. As in the case of glucose, the effect of K* on 
acetylcholine synthesis in a pyruvate medium is less in a phosphate medium than 
in bicarbonate, and the accelerating action lies entirely with free acetylcholine. 
These results are shown in Table VII. 


The antagonistic actions of Ca++ and Mg++ 


The addition of Ca++ to a glucose-bicarbonate-Locke medium decreases the 
rate of formation of acetylcholine by brain slices and neutralizes the accelerating 
action of added K+. Mgt+ has a similar neutralizing action. Typical results are 
shown in Table VIII. 

Table VIII 
Rat brain slices. Bicarbonate-glucose-Locke-eserine media. 95% O,+5% CO,. 1 hr. 37°. 


Total acetylcholine 


Exp. A formed yg./g. 
Medium 21:3 
+0-027M KCl 45-0 
+0-02M CaCl, 10-4 
+0-027.M KC1+0-02M CaCl, 15-0 
+0:027M KCl+0-015M CaCl, 15-0 
Exp. B 
Medium 18-2 
+0-027.M KCl 40-5 
+0-02M MgCl, 20-2 
+0-027.M KCl1+0-02M MgCl, 18-8 


Action of Rb+ and Cs+ 


The effects of K+ and Ca++ on acetylcholine liberation in brain slices are in 
complete accord with the results of Brown & Feldberg [1936] on the action of 
these ions on the liberation of acetylcholine from the perfused superior cervical 
ganglion of the cat. These authors further showed that Rb+, and to a lesser 


degree Cst, have effects similar to K*. 
Rb*+ and Cs* have effects similar to K+ on the liberation of acetylcholine by 


brain slices (see Table IX), Cs+ being rather less active than K+ or Rb*. 
Table IX 


Rat brain slices. Bicarbonate-glucose-Locke-eserine medium. 95% 0,+5% CO,. 1 hr. 37°. 


Acetylcholine formed yg./g. 


Free Combined 
Medium 5-2 13-6 
+0-027M KCl 27:8 5-0 
+0-027M RbCl 27-9 5-0 
+0-027 M CsCl 23-0 4:7 


Interpretation of the K+ effect 


The action of K+ might be explained as being due to a catalysing action of 
these ions on the rate of breakdown of the combined acetylcholine into the free 
ester. It is difficult to understand, however, with this explanation how Ca** 
brings about its antagonistic effects. It is equally difficult to understand why 
the addition of 0-027.M KCl to a medium should directly influence the break- 
down of the complex into free acetylcholine when it is remembered that [K*] 
in the nerve cell may reach a concentration of 0-1. 
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It is reasonable to assume that Ca++ acts by neutralizing some effect of 
added K* on cell permeability, such an assumption being in accordance with the 
known physiological behaviour of these ions. 

On this hypothesis the addition of K+ brings about a change in nerve cell 
permeability so that free acetylcholine diffuses into the outer medium at a 
relatively rapid rate. Ca++ has an antagonistic effect. 


Acetylcholine formation in Locke and saline media 


It would be expected from the observation that the presence of Ca++ retards 
the liberation of acetylcholine, that an increased rate of formation of free 
acetylcholine will take place when respiration of brain slices occurs in a Ca-free 
medium. 

This doubtless accounts, at any rate partly, for the fact that when brain 
slices respire in a Locke medium a smaller quantity of free acetylcholine is 
produced than when respiration occurs in a medium free from K* and Catt. 
The [K*] in the Locke medium is probably insufficient to neutralize the retarding 
action of the Ca++ present. Moreover, the effects of adding 0-027.M KCl to a 
saline medium (i.e. free from Ca++) on the liberation of free acetylcholine by 
brain slices is far less marked than when this concentration of K+ is added to a 
Locke medium.! These results are shown in Table X, where it will be observed 
that the differences found between the rates of free acetylcholine formation 
in Locke and saline media occur in both phosphate and bicarbonate media. 
The phenomenon occurs also in pyruvate media. It should be noted that the 
amount of ‘‘combined”’ acetylcholine is decreased under those conditions where 
an increase in the free acetylcholine takes place. 


Table X 


Rat brain slices. O, or 95% 0,+5% CO,. lhr. 37°. ; 
Acetylcholine formed 


Hg-/g- 
a 

Exp. A Medium Free Combined 

Glucose-eserine-Locke-bicarbonate 3 17 

Glucose-eserine-NaCl-bicarbonate 14-7 1l 
Exp. B 

Glucose-eserine-Locke-phosphate 3-5 8-6 

Glucose-eserine-Locke-phosphate 0-027 M KCl 9-6 6-8 
Exp. C 

Glucose-eserine-NaCl-phosphate 6-5 8-0 

Glucose-eserine-NaCl-phosphate 0-027 M KCl 6-5 8-0 
Exp. D 

Pyruvate (0-01 M/)-eserine-Locke-phosphate 3°5 8-9 

Pyruvate-eserine-NaCl-phosphate 6-5 8-0 


Effect of K+ on acetylcholine formation by minced brain tissue 


It is an interesting fact that the marked increase in the rate of formation of 
“total” acetylcholine effected by K+ on intact brain slices does not take place 
with minced brain tissue. The presence of K, however, brings about a fall in the 
“combined” acetylcholine with a corresponding increase in the amount of free 
acetylcholine. These results may be seen in Table XI. 


1 In fact this concentration of K+ has been observed sometimes to inhibit the synthesis of 
total acetylcholine if Ca is absent from the medium. 
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Table XI 





Exp. A. A rat brain was minced finely and suspended in 3 vol. saline and divided into several 
equal parts, each of which was added to the appropriate medium in a Warburg flask. Medium: 
glucose-bicarbonate-eserine-Locke. When KCl was present, the NaCl was decreased corre- 
spondingly to preserve isotonicity. 95% 0,+5% CO,. 1 hr. 37°. 









Acetylcholine formed yg./g. 





Free Combined Total 






Medium +no added KCl 7-5 6-0 13-5 
+0:027M KCl 11-2 3-0 14-2 
+0-053 M KCl 5-6 1-9 7-5 
+008 M KCl 3-0 1-5 4:5 





Exp. B. Asin exp. A but with the following medium: phosphate-eserine-Locke. Air. 1 hr. 37°. 





Acetylcholine formed yg./g. 


| 
Free Combined Total 


Medium 3°8 7-0 10-8 
+0-07M KCl 6-4 3-0 9-4 
+ glucose « 79 11-2 19-1 
+glucose+0:07M KCl 7-6 5:3 12-9 


Action of K+ on “‘combined”’ acetylcholine 


To perceive more clearly the effects of K+ experiments were carried out with 
brain slices and minced brain under conditions where synthesis of the ester was 
reduced to a minimum. 

In these experiments minced brain tissue was allowed to respire in a phos- 
phate-glucose-eserine medium in an atmosphere of air for 1} hr. at 37° to build 
up a relatively high concentration of “combined” acetylcholine. The tissue was 
then centrifuged, the clear centrifugate containing the free acetylcholine was 
discarded and the tissue deposit containing the “combined” ester was immersed 
in a glucose-free Locke-eserine medium. The effect of added K+ on the rate of 
breakdown of the “‘combined” ester under such conditions, where little or no 
synthesis of further acetylcholine took place, was investigated. The results showed 
that the effect of added K+ was always to reduce the amount of “combined” 
ester and to increase the free acetylcholine. When the experiments with added 
K+ were carried out under anaerobic conditions, the increase in the free acetyl- 
choline was equal to the decrease in the ‘‘combined” acetylcholine, the “total” 
acetylcholine being unaffected by K+. Under aerobic conditions it was usually 
found that the “total” acetylcholine was decreased by the addition of K+. 
This was doubtless due to the fact that some synthesis of acetylcholine usually 
takes place under aerobic conditions when minced tissue is used owing to the 
presence of small quantities of metabolites which cannot be washed out, and 
the addition of K+ inhibits this synthesis. The effect, however, of K+ in causing 
“combined ”’ acetylcholine to break down to form free acetylcholine is as evident 
under aerobic conditions as it is under anaerobic conditions. Typical results are 
shown in Table XII. In this table, too, is shown the effect of added K+ on the 
“combined” (preformed) acetylcholine of brain slices incubated in an atmosphere 
of 95 % O, and 5 % CO, in a glucose-free medium at 25° when very little synthesis 
takes place. The usual action of K+ in causing breakdown of the “‘combined” 
ester will be observed. 
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Table XIT 


Exp. A. Preliminary synthesis of ‘‘combined”’ acetylcholine by minced brain in phosphate- 
glucose-Locke-eserine medium for 1} hr. at 37°. Tissue residue, after centrifuging, was divided 
into several parts and placed in Warburg vessels containing phosphate- or bicarbonate-NaCl- 
eserine media with different concentrations of KCl. Conditions either aerobic (air or 95% O,+ 


5% CO,) or anaerobic (95% N,+5% CO,). 1 hr. 37°. 
Acetylcholine found yg./g. 


Medium. (Eserine always present) Free Combined Total 

Exp. 1 

N,-bicarbonate-NaCl 4:3 6-0 10-3 

N,-bicarbonate-NaCl + 0-08 M KCl 6-4 3-7 10-1 

N,-bicarbonate-NaCl +0-12 M KCl 6-4 3-7 10-1 
Exp. 2 

O,-bicarbonate-NaCl 3-8 10-5 14-3 

O,-bicarbonate-NaCl + 0-04 M KCl 5-5 4:5 10-0 

O,-bicarbonate-NaCl + 0-08 M KCl 6-4 3-3 9-7 

O,-bicarbonate-NaCl +0-12 M KCl 6-4 3-3 9-7 
Exp. 3 

Air-phosphate-NaCl 3-0 8-1 11-1 

Air-phosphate-NaCl + 0-12 M KCl 6-5 4:5 11-0 
Exp. 4 

Air-phosphate-NaCl 3-0 13-5 16-5 

Air-phosphate-NaCl + 0-08 M KCl 5-9 7-5 13-6 

Air-phosphate-NaCl + 0-12 M KCl 6-9 6-7 13-6 
Exp. 5 

N,-phosphate-NaCl 4:3 5:3 9-6 

N,-phosphate-NaCl + 0-12 M KCl 6-0 3-7 9-7 

Exp. B. Rat brain slices. Bicarbonate-eserine-Locke. 95% 0,+5% CO,. l hr. 25°. 
Medium 0-9 2-6 _— 
Medium + 0-027 M KCl 15 1-5 — 


Permeability of the nerve cell to acetylcholine in presence of K* 


The effect of K+ in causing breakdown of the “combined”’ acetylcholine 
may be due to a direct action on the complex, as stated earlier; but since such 
an explanation fails to account for the antagonistic action of Ca++ on the 
liberation of free acetylcholine, an effect on cell permeability is considered to 
afford a more reasonable explanation of the phenomenon. 

If K+ effects a liberation of free acetylcholine by causing a change in per- 
meability of the nerve cell so that free acetylcholine diffuses out more rapidly 
than in the absence of K*, it follows that there must exist normally within the 
cell a certain amount of diffusible or free acetylcholine. In brain tissue, in the 
presence of eserine, the ‘‘cOmbined”’ acetylcholine remains comparatively 
stable. Yet it is able to break down normally to form free acetylcholine—other- 
wise changes of permeability alone could effect no increased liberation of the 
ester. The most obvious manner to reconcile these facts is to assume that 
an equilibrium exists in the cell between the free and ‘‘combined” forms of the 
ester. A disturbance of this equilibrium due to diffusion of acetylcholine through 
the cell membrane, when the permeability is increased by added K*, will result 
in a decrease in the cell of the amount of “combined” acetylcholine. This, pre- 
sumably, is what takes place in brain tissue when K* is added and when 
no synthesis is occurring. Under optimal respiratory conditions, however, the 
“combined” acetylcholine is being rapidly synthesized, its amount being deter- 
mined by the amount of tissue constituent with which the ester is combined. 
The rate of its breakdown to free acetylcholine is determined by equilibrium 











832 P. J. G. MANN, M. TENNENBAUM AND J. H. QUASTEL 


conditions within the cell and by the rate of diffusion of acetylcholine out of the 
cell. When the latter is greatly increased by the addition of K+ to the tissue, the 
concentration of free acetylcholine in the cell will fall and the apparent rate 
of breakdown of the ‘‘combined” acetylcholine will become greater. The 
amount of the complex at any time, however, will not change until the rate of 
its breakdown approaches the rate of its synthesis. This picture of events in 
the cell enables us to understand how K+ ions cause an apparent breakdown of 
“combined” to free acetylcholine in brain tissue under conditions where no 
synthesis is taking place, and how they may cause a very great increase in the 
rate of synthesis of free acetylcholine when they are added to brain tissue 
respiring under optimal conditions. 

The view put forward depends upon the hypothesis of a dynamic equilibrium 
being set up within the cell according to the following scheme: 





2 
Choline —> “Combined” acetylcholine = Acetylcholine — Diffusion out of the cell. 
Glucose + Rate increased by K*, 
Pyruvate tissue constituent retarded by Ca++. ...... (3) 
Lactate 


Some evidence for the existence of an equilibrium in the nerve cell between 
“combined” and free acetylcholine has already been given. It is possible to 
test the hypothesis rigidly and experiments will now be described which clearly 
indicate the existence of such an equilibrium. 


Demonstration of the existence in brain tissue of an “equilibrium” 
concentration of free acetylcholine 


When brain slices respire in a glucose-eserine-Locke medium containing 
0-027 M KCl the total acetylcholine formed may reach a value varying between 
30 and 50 yg./g. of tissue. This high value is reached within the first hour of the 
experiment and is increased only to a small extent during the second hour. The 
small increase found during the second hour is not due to a decrease in meta- 
bolic activity of the tissue, for if the tissue is removed from the medium after 
the first hour and is placed in a fresh glucose medium for another hour, it 
evinces most of its former synthetic activity. Results illustrating this fact are 
shown in Table XIII. 


Table XIIT 
Rat brain slices. Bicarbonate-glucose-eserine-Locke medium containing 0-027.M KCl. 95% 
0,+5% CO,. 37°. 
pg./8. 
Total acetylcholine found after 1 hr. 31-2 
after 2 hr. 41-3 
.. Acetylcholine synthesized during 2nd hr. 10-1 
Tissue slices removed from synthesizing medium after 1 hr. and placed in 
fresh glucose-eserine-bicarbonate-Locke-KCl medium j 
Total acetylcholine found after 1 hr. 26-0 


It seems most probable from these experiments that the synthesis of acetyl- 
choline is retarded by the growing accumulation of acetylcholine itself, and that, 
in fact, when the acetylcholine concentration reaches a critical value no further 
increase in synthesis of ‘“‘total” acetylcholine occurs—i.e. an equilibrium is 
established. 

This can be proved by experiments in which acetylcholine is added to a 
medium, with and without added K+, in which brain tissue is respiring. 
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In these experiments a known quantity, e.g. 50 wg., of acetylcholine was 
added to brain slices respiring in a bicarbonate-glucose-Locke-eserine medium, 
with and without the addition of 0-027 M KCl. It was found that in presence of 
this quantity of acetylcholine the presence of the added K* effected little or no 
increase in the “total” acetylcholine. It was also easy to show that the presence 
of added acetylcholine greatly decreased the synthesis of acetylcholine, this 
being most clearly observable in the presence of 0-027. M KCl. A concentration 
of acetylcholine of 10 yg./ml. retarded the synthesis of acetylcholine by 40% 
in the presence of 0-027 M KCl and had no effect on the synthesis in the absence 
of K+. Typical results are shown in Table XIV. 


Table XIV 
Rat brain slices. Bicarbonate-glucose-eserine-Locke medium. 95% 0,+5% CO,. 1 hr. 37°. 
“Total” “Total” 
acetylcholine acetylcholine 
Exp. A found synthesized 
Medium 20 20 
+50 pg. acetylcholine 66 16 
+0-027M KCl 33 33 
+0-027 M KCl+50 yg. acetylcholine 66 16 
Exp. B 
Medium 20 20 
+30 yg. acetylcholine 50 20 
+0-027M KCl 40-5 40-5 
+0-027 M KC1+30 yg. acetylcholine 54 24 
Exp. C 
Medium 23 23 
+50 yg. acetylcholine 64 14 
+0-027M KCl 50 50 
+0-027 M KC1+50 yg. acetylcholine 66 16 


The inhibitory action of free acetylcholine on the synthesis of acetylcholine 
points to the existence of an equilibrium as expressed in the reaction scheme! (3). 
Moreover, the facts that this inhibition is observable in presence of excess of K+ 
and that it occurs to a much less extent in the absence of K+ are confirmatory 
of the conclusion that potassium greatly increases the permeability of the brain 
cell to acetylcholine. 

Effects of NH4* 


The addition of NH,+ to a medium in which brain slices are respiring has 
apparently little effect on the rate of synthesis of acetylcholine until the [NH,*] 
reaches a value of approximately 0-05 .M, when a decided inhibition takes place. 
Analysis, however, of the acetylcholine formed in the presence of NH,+ shows a 
considerable drop in the amount of “combined” acetylcholine and a corre- 
sponding increase in that of the free acetylcholine. It is evident that an effect 
similar to that of K+ takes place with NH,*+, but that in contrast to K*, 
NH,_* ions at relatively low concentrations have highly inhibitory effects on the 
synthesis of acetylcholine by brain slices. This inhibitory action on acetylcholine 
synthesis is clearly shown when NH,* is added together with K* to brain slices; 
the increased rate of synthesis found with K* is practically eliminated. Typical 
results are shown in Table XV. 

It is most likely that NH,*, like K+, causes an increased permeability of 
the brain cells for acetylcholine and would, like K+, have accelerating effects 


1 Conceivably acetylcholine may inhibit by competing with choline for a receptor group in 


the synthesizing enzyme. 
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Table XV 


Rat brain slices. Bicarbonate-glucose-eserine-Locke medium. 95% 0,+5% CO,. 


Acetylcholine formed, pg. 


Free Combined Total 

Exp. A 
Medium 4:9 10-1 15-0 
+0:027M KCl 31:8 4-2 36-0 
+0-027.M NH,Cl 10-6 3-1 13-7 
+0-027 M KCl +0-027 M NH,Cl 7-6 1-9 9-5 

Exp. B 
Medium — _— 17-5 
+0-013 M NH,Cl — — 20-0 
+0-027M NH,Cl — — 17-0 
= = 7-0 


+0-053 M NH,Cl 


on the formation of total acetylcholine were it not for its secondary inhibitory 
action on acetylcholine synthesis. Itis very suggestivethat the glutamic acid-gluta- 
mine system, which would act as an effective detoxicating process so far as NH,* 
in the brain is concerned, exists in relatively large amount in the central nervous 
system [Krebs, 1935]. The tqxicity of NH,+ may be due to its competition with 
choline for the enzyme synthesizing acetylcholine. It has already been shown 
by Mann, Woodward & Quastel [1938] that NH,+ competes with choline for the 
choline oxidase system in liver. 

It is worthy of note that NH,*, like K*, greatly increases the aerobic glyco- 
lysis of brain tissue [Weil-Malherbe, 1938], an effect which has been ascribed 
to possible altered permeabilities of the cell membrane [Dickens & Greville, 
1935]. 

A suggestion as to the chemical nature of ‘‘combined”’ acetylcholine 


There is little evidence as yet which throws any light on the composition of 
the acetylcholine precursor or of “‘bound” acetylcholine, beyond the facts 
stated in our earlier paper [1938] which indicate that the substance is a protein 
complex. We would like, however, to make the suggestion that the complex is 
a compound of acetylcholine with its synthesizing enzyme. It is most probable 
that, when acetylcholine is first formed, its synthesis occurs at the surface of an 
enzyme, and it is not unreasonable to consider that a definite quantity of the 
compound between acetylcholine and the enzyme which synthesizes it exists 
normally in the cell. Such a view would involve the conclusion that the complex 
will only be found in tissues which are capable of synthesizing acetylcholine 
and so far as we know at present this is the case. The amount of “bound” 
acetylcholine present in the cell is also not irreconcilable with this view. The 
amount of complex present in brain under our experimental conditions, when 
synthesis is actively taking place and with eserine present, is of the order of 
14 yg./g., this being reckoned as acetylcholine chloride. Assuming that the 
complex is a union of one molecule of protein (say of mol. wt. 34,000) and of one 
molecule of acetylcholine, the amount of complex present in brain corresponding 
to 14 ug./g. would be approximately 2-6 mg. per g. wet weight of tissue. Such a 
value would not be unexpected. 


SUMMARY 


‘1. The addition of potassium ions (0-027 /) to a medium containing eserine 
and in which intact brain slices are respiring brings about a large increase in the 
rate of formation of acetylcholine. In a bicarbonate-glucose medium, or a 
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bicarbonate-pyruvate medium the total acetylcholine formed may reach a value 
of 40 wg. per g. wet weight of tissue. High concentrations of potassium ions 
inhibit the synthesis of acetylcholine by brain tissue. 

2. The accelerating effect of potassium ions does not take place in a substrate- 
free medium. 

3. The increase in acetylcholine formation effected by potassium lies entirely 
with the free acetylcholine. The amount of ‘‘combined” acetylcholine is either 
unchanged or diminished. 

4. The accelerating action of potassium ions is neutralized by the addition 
of calcium or magnesium ions. 

5. Rubidium, and to a smaller extent caesium, ions have effects similar to 
those of potassium. 

6. The addition of potassium ions to minced brain tissue does not have such a 
marked effect on acetylcholine synthesis as in the case of intact brain slices. 

7. The addition of potassium ions to either minced brain tissue or intact 
brain slices, under conditions when synthesis of acetylcholine is not taking place, 
is to bring about a fall in the amount of “combined” acetylcholine with a 
corresponding (equal) increase in the amount of free acetylcholine. This occurs 
under anaerobic, as well as under aerobic, conditions. 

8. The effect of potassium ions is less marked in a phosphate medium than 
in a bicarbonate medium. 

9. The effect of potassium ions is to increase the permeability of the nerve 
cell, so that acetylcholine diffuses through the cell membrane at a greater rate 
than in the absence of potassium. 

10. An equilibrium exists in the cell between free acetylcholine and “‘com- 
bined” acetylcholine. The addition of acetylcholine to a medium in which brain 
slices are respiring depresses the synthesis of acetylcholine by the tissue. This 
can only clearly be seen after the addition of potassium ions. 

11. Ammonium ions act similarly to potassium ions in bringing about a 
breakdown of ‘‘combined”’ acetylcholine with a corresponding increase of free 
acetylcholine. They have a highly inhibitory action on acetylcholine synthesis 
by brain slices. 

12. Reaction schemes accounting for these facts are described. 


Our thanks are due to the Medical Research Council and to the Rockefeller 
Foundation for assistance grants, and to the former body for a grant in aid of 
the equipment of this laboratory. 
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II. SOME PROPERTIES OF TEA PEROXIDASE 


In the first paper on this subject [Roberts & Sarma, 1938] it was shown that 
during fermentation tea tannin was oxidized by peroxidase and H,O,. Since 
this paper was written a considerable amount of experimental data on tea 
peroxidase has been accumulated from which it is possible to draw some con- 
clusions as to the mechanism of the fermentation process. 


Peroxidase content of green leaf 


Peroxidase activities are determined by the method previously described. 
Except where otherwise stated, these activities are expressed in terms of so 
many indophenol units (1.U.) per g. dry weight of tissue and are determined 
using 10 g. samples of leaf. There are great variations in the activities of single 
shoots from the same bush, and in representative samples from different bushes 
in the same plot. Thus eight single shoots from one bush, weighing from 0-24 to 
0-63 g., had peroxidase activities of 511, 549, 607, 710, 808, 880, 941 and 1040 1.v. 
Similarly the average peroxidase contents of each of 12 bushes selected at random 
from a small plot of tea were 218, 237, 250, 274, 278, 298, 311, 311, 314, 322, 
385, 409 1.u. Despite these variations, if the leaf from a whole plot amounting 
to about 20-30 lb. is bulked, and 10 g. samples are taken for analysis, quite good 
replication is obtained. The mean activity of four such samples gives quite 
an accurate measure of the average peroxidase activity of leaf from the whole 
of a plot. It was rare in a whole season’s observations that any one sample 
varied by more than 10°% from the mean of the four and the average standard 
error of the mean was about 3%. 

There are marked variations from week to week in the peroxidase activity 
of leaf plucked from the same plot over the whole manufacturing season as is 
shown in the curve (Fig. 1). The highest recorded value is 950 1.u. and the 
lowest 300 1.U. Despite these variations there is little or no change in the rate of 
fermentation, from which it follows that peroxidase activity is not the sole 
factor governing this rate. This seasonal curve fof peroxidase activity falls into 
three well-defined parts, a period lasting till 20 June 1938 when peroxidase 
activity falls rapidly to a minimum, an intermediate period lasting until 
3 October 1938 when the activity remains at a fairly constant level, and a final 
period where activity rises to a maximum of 757 1.U. and then falls steadily to 
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values of about 500 1.u. It is interesting to note that these three periods corre- 
spond closely with three quite sharply contrasted types of teas. The first period 
corresponds with the early “second flush” teas characterized by good quality, 
the second with the typical ‘‘rains” teas of no marked flavour and less strong 
liquoring properties, and the third with ‘“‘autumnals”. It is possible that the 
variations in peroxidase content are an index of physiological conditions of the 
leaf associated with these three types of teas. 


1000 





800 


600 


Peroxidase activity 
in I.U. per g. dry wt. 





2 6 32 BP 2 Wa & B 5 19 3 7 3 4 2 
May June July Aug. Sept. Oct. Nov. 


Fig. 1. Seasonal variation of peroxidase activity. 


Influence of variety on peroxidase content 


Certain ‘‘jats”! of tea are characterized by a relatively slow rate of fermen- 
tation. Thus Kharikatia and Singlo leaf ferment more slowly than Betjan. The 
tannin content of all three varieties is much the same, so that it would seem 
quite likely that an enzyme deficiency would account for any slowness in 
fermenting. However, differences in peroxidase content are not big enough to 
account for these differences, as the following figures show. 


Table I 
Betjan Kharikatia 
1.U. LU. 
27. vi. 38 465 480 
4. vii. 38 521 419 
22. viii. 38 552 523 


It follows that peroxidase and tannin contents alone do not determine the 
rate at which fermentation proceeds. Further evidence for this is a complete 
lack of correlation between the strength of liquors in teas manufactured from 
single bushes and the peroxidase content of the green leaf from these bushes. If 
peroxidase content did determine the rate of fermentation some such correlation 
might be expected. The author is indebted to Dr Wight for much of the data for 


these comparisons. 
Peroxidase content of different parts of the shoot 
Shoots consisting of three leaves and a bud were plucked and the peroxidase 
contents of the various parts determined. 


1 A “jat” of tea is best defined as the progeny of the seed obtained from a commercial seed- 
garden. There is such complete hybridization nowadays that a pure line variety cannot be obtained. 
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Table IT 


Peroxidase content 
I.U. per g. dry wt. 


Bud 268 
Ist leaf 486 
2nd leaf 556 
3rd leaf 574 
Stalk 493 


The increase of peroxidase content with the size of the leaf confirms earlier 
findings that old leaf, too coarse for plucking, has a higher peroxidase activity 
than new shoots. Despite its lower peroxidase content, bud ferments at the same 
rate or even faster than the first leaf when these parts of the shoot are taken 
separately. This has been shown both by the rate of decrease in the tannin titre 
and, manometrically, by measuring the rate of oxygen uptake. 


Properties of tea peroxidase 
Temperature coefficient. 

A series of peroxidase activity determinations was made, using the same 
solution of peroxidase, over a range of temperatures from 15° to 37°. A 
straight line relationship was found and the activity P., at any temperature 7’ 
was related to P, the activity at 25° by the equation 

P7=P, [1+ 0-02 (7'—25)]. 

The low value for the temperature coefficient is perhaps due to increasing 

competition at higher temperatures of the catalase, always present, for the H,O,. 


Inhibitors. 
The effect of different concentrations of various inhibitors is recorded below: 


Table III 
Ascorbic 
NaF 20. C,H;,NH.NH,  1.v. acid Ev: N.H, 1.U. 
Nil 581 Nil 581 Nil 743 Nil 542 
M/200 196 M/2000 96 M/20 Nil M/2500 542 
M/50 143 M/500 Nil —- = M/1000 439 
M/20 104 M/100 Nil — — M/500 379 


_ i ons iat M/50 130 


Despite the complete inhibition of peroxidase activity by low concentrations 
of phenylhydrazine, this inhibitor has very little effect on the rate of fermenta- 
tion. There is a slight initial inhibition, after which fermentation proceeds at 
its normal rate. The phenylhydrazine is probably fixed by the carbohydrates 
present, after which it can exert no further inhibitory effect. Phenylhydrazine 
inhibition of peroxidase is reversible, judging by the initial inhibition and the 
complete recovery of the fermenting system from the effects of the inhibitor. 


Freedom from oxidase. 

A peroxidase preparation is always liable to show a slightly positive oxidase 
reaction if traces of H,O, are present. A more specific test for oxidase is its 
ability to catalyse oxidation of catechol by atmospheric oxygen. Manometric 
experiments fail to show any O, uptake when catechol is acted upon by a tea 
peroxidase preparation. It may therefore be concluded that the tea leaf is free 
from polyphenol oxidase. 
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Increase of peroxidase during withering 


The increase in peroxidase content of green leaf after withering, mentioned 
in the preceding communication, has been repeatedly confirmed. Loss of 
moisture alone is not responsible for this increase, as leaf kept in a closed vessel, 
in which the air is maintained at a 100% relative humidity, still increases in 
peroxidase activity although not to the same extent as it does in a normal 
wither. The withering process itself therefore has some effect in determining the 
increase in peroxidase. 





Table IV 
Fresh leaf 76-82% Leaf kept 24 hr. Withered leaf 
moisture at 100% R.H. 68-10% moisture 
I.U. 1.U. 1.U. 
420 603 614 
478 588 635 
449 603 699 
449 588 667 
Mean 449 596 654 


Four 10 g. samples for peroxidase activity determination were taken in each case. 


Many experiments have been carried out in which the increase of peroxidase 
has been determined under varying conditions of wither. The rate of withering 
is determined largely by the temperature and humidity of the air. This withering 
process can be controlled by varying its duration and the thickness of spread 
of the leaf. Irrespective of the thickness of spread there is always an initial rise 
in peroxidase. Eventually a maximum peroxidase activity is reached, after 
which it falls again, this fall being most marked with very thin spreads. Results 
are quoted in Table V giving the variations in peroxidase activity of leaf withered 
for 18 and 42 hr. at different thicknesses of spread. 


Table V 

Moisture content 
Lb. of Peroxidase content ee 
leaf per ——_—_— "7 18 hr. 2 hr. 

sq. yard 18 hr. 42 hr. % % 
665 237 59-56 24-13 
1} 733 379 66-82 51-84 
3 784 536 70-26 60-46 


The original green leaf contained 5701.v. per g. dry weight and had a moisture content of 
74-30%. 


In experiments in which the rise in peroxidase was recorded at frequent 
intervals it was found that the rise was most rapid at the commencement of 
withering. Data of one such experiment, typical of several, are recorded in 
Table VI, and it will be seen that with a spread of 1 lb. per sq. yard the maximum 
activity is attained in 6 hr., while with a 3 lb. spread this maximum was not 
reached for 20-25 hr. 

The peroxidase content begins to fall in both cases when the moisture 
content falls below 72°%. This latter figure must not be taken as a precise one, 
but there seems no doubt that the rise in peroxidase during withering is checked 
and then reversed when the moisture falls below a certain critical value. 

To summarize these findings, loss of moisture up to a certain point accelerates 
the increase of peroxidase which takes place in leaf plucked from the bush, but 
53 
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Fig. 2. Tannin and non-tan titres during fermentation. 
I and III, fresh leaf; II and IV, withered leaf. 





1 lb. spread per sq. yard 3 lb. spread per sq. yard 
Hours — ; = oo wh s 
withering Peroxidase Moisture Peroxidase Moisture 
0 423 79-37 423 79-37 
2 480 77-54 552 78-52 
4 548 77-14 692 78-45 
6 618 76-25 716 77-75 
8 578 75-54 — — 
12 585 72-56 — — 
15 591 72-26 — — 
24 472 66-95 781 75-34 
30 — — 724 71-80 
51 — — 650 70-70 
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Effect of the increase in peroxidase during withering on the 
rate of fermentation 


Were it not for the fact; already commented upon in this paper, that marked 
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Fig. I, Normal fermentation; 
Il, Do. +10 mg. tea tannin. 


fermentation at a more rapid rate than green leaf. Determinations of the rate 
of fermentation in fresh and withered leaf were carried out both by measuring 
the rate of O, uptake and by the rate of decrease of the tannin titre. Typical 
results are illustrated in the accompanying curves (Figs. 2, 3). Details of the 
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manometric method will be given in Part III. In the tannin titration method 
a bulk of leaf was separated into two portions. One portion was spread to 
wither and the other passed through a mincing machine. Two 20 g. portions 
were at once infused with 500 ml. water and subsequently two such samples 
were taken and infused at intervals over a 4 hr. period. Tannins and non-tans 
(i.e. matter oxidized by KMnO, but not precipitated by gelatin and acid-salt) 
were determined in each of these infusions. The following day, after a 20 hr. 
wither in which the moisture fell from 75-40 to 58-80%, a similar series of 
determinations was made after mincing the withered leaf. 

There is no significant difference between the rates of O, uptake or of tannin 
oxidation in green and withered leaf. In both cases there is a slight separation 
between the two curves for green and withered leaf. This is not significant but 
might nevertheless be true, as during withering there is a loss of soluble matter 
by respiration which may amount to as much as 5% of the total solid material 
of the leaf. This loss increases the amounts of other constituents of the leaf 
when they are expressed on a percentage basis. 

During withering a certain amount of protein breakdown takes place. 
Protein-N in the leaf is determined by complete extraction of the non-protein 
nitrogenous matter with hot 85% alcohol, followed by a Kjeldahl estimation of 
the residual N. This residual N is considered to be protein-N and decreases pro- 
gressively throughout withering as shown in Table VII. 


Table VII 
Hours of wither Moisture 
1} lb. spread Protein-N content 
per sq. yard % on dry matter % 
— 2-38 +0-02 74-30 
18 2-19 +0-02 66-82 
42 1-88 40-05 51-84 


The figures given for protein N represent the mean of six 10 g. samples of leaf. 


As the decrease in protein-N is unaccompanied by any change in the rate of 
fermentation, the theory of Kursanov [1935] that protein degradation products 
protect peroxidase against the inactivating effect of tea tannin is effectively 


disproved. 
Discussion 


It was concluded in the previous communication that H,O,, and not an 
organic peroxide, is concerned in the oxidation of tea tannin by peroxidase. In 
the results presented here every line of evidence points to the rate of oxidation 
of tea tannin being completely independent of the peroxidase content between 
very wide limits. It must therefore be concluded that the peroxidase-catalysed 
oxidation of tea tannin in fermentation is preceded by a relatively much slower 
reaction, in which H,O, is formed. Oxidation of tea tannin cannot proceed at a 
faster rate than the rate of formation of H,O,, so that, as long as this latter 
reaction is unaffected, wide variations in peroxidase activity are without effect 
on the rate of oxidation of tea tannin. 

H,0, in respiring tissue is a normal by-product of aerobic dehydrogenations 
in which oxygen functions as the H-acceptor. During fermentation the non-tans 
undergo oxidation as well as tea tannin and it seems reasonable to suppose that 
the H,O, required for tannin oxidation originates in this oxidation of non-tans. 
Since 1 mol. of H,O, is needed to oxidize 1 mol. of tannin these non-tans should 
be present in at least equivalent proportions to the tannin, and further there 
should be approximate equivalence between the amount of tannin oxidized and 
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the extent of non-tan oxidation. Exact equivalence cannot be expected as the 
primary oxidation product of tannin may undergo further changes. These 
expectations are realized. The non-tans account for a substantial proportion of 
the Lowenthal total KMnO, titre, and frequently in the initial stages of fer- 
mentation the decreases in the tannin and non-tan figures are approximately 
equivalent. There is thus very strong evidence in favour of the following 
mechanism for the fermentation process. 


I. Non-tan + O,— oxidized non-tan + H,O,. 


peroxidase 
If. H,O,+tea tannin ————- oxidized tea tannin. 


The nature of these changes will be dealt with in Part III below. 


SUMMARY 


There is a marked seasonal variation in the peroxidase content of tea leaf, 
plucked at weekly intervals, from the same plot. The curve falls into three well- 
defined periods, each of which is associated with a particular type of manu- 
factured tea. : 

Generally there is a complete lack of correlation between peroxidase activity 
and rate of oxidation of tea tannin in the fermentation process. It is concluded 
that the amount of peroxidase in the leaf is in excess of requirements. The con- 
trolling factor is the rate of production of H,O, which is formed by the aerobic 
dehydrogenation of the non-tan oxidizable matter. 

The increase in peroxidase content during the withering process is accelerated 
by loss of moisture from the leaf. Once the moisture falls below a critical level 
(72%) peroxidase activity again declines. Protein-N decreases during withering 
and, as bruised withered leaf undergoes fermentation (tannin oxidation) at the 
same rate as bruised fresh leaf, the increase in the amount of protein degradation 
products has no protective effect against the inactivation of the enzymes by 
tea tannin. 


III. THE MECHANISM OF FERMENTATION 


The probable role of the non-tans in fermentation as the source of the H,O, 
required for tea tannin oxidation has been pointed out above. Ascorbic acid 
suggests itself as the most likely substance to undergo such oxidation in view of 
the suggestions made by Huszak [1937] and Szent-Gyérgyi [1937] as to the 
respiratory mechanism of peroxidase plants generally. Ascorbic acid need not 
account for the whole of the non-tan titre as the dehydroascorbic acid formed by 
its oxidation will act as a H-acceptor in the oxidation of other metabolites, 
ascorbic acid itself being regenerated in this latter reaction. One molecule 
of ascorbic acid can in this way account for the oxidation of many molecules of 
such metabolites and there will be a large decrease in the amount of reducing 
substances (non-tans) with quite small amounts of ascorbic acid present. 

Two lines of investigation are suggested by this hypothesis, the elucidation of 
the nature of the non-tans and the changes they undergo, and an enquiry into 
the role of ascorbic acid and ascorbic acid oxidase in the fermentation process. 

The complete theory of the fermentation process must not only account for 
the chemical changes observed in fermentation but must also account for such 
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differences in the rate of fermentation as are observed with Betjan and Khari- 
katia leaf. Advantage was taken of this marked difference, experiments being 
made to decide the factor or factors responsible for this difference, in an attempt 
to gain some more insight into the nature of tea fermentation before proceeding 
with the lines of investigation just mentioned. 


A comparison of the rates of fermentation in Betjan and 
Kharikatia leaf 


Neither peroxidase nor tannin contents of Betjan and Kharikatia leaf are 
sufficiently different to account for any variation in the rate of fermentation. 
A greater toughness of Kharikatia leaf making it more resistant to the bruising 
effect of the rollers is also excluded, as with finely minced leaf where damage is 
more extensive the differences between the two persist as shown in Fig. 4. 
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Fig. 4. Tannin and non-tan titres during fermentation. I and III, Kharikatia; II and IV, Betjan. 


Any possibility of a peroxidase inhibitor in the Kharikatia leaf has been 
excluded. Peroxidase inactivation is greater during the fermentation of Betjan 
leaf than it is with Kharikatia, owing probably to the greater enzymic-inhibiting 
powers of oxidized tea tannin. Further, a Betjan peroxidase preparation together 
with H,O, oxidizes a green leaf infusion obtained from Kharikatia leaf at the 
same rate as an infusion of the same strength from Betjan leaf. Thus under 
conditions where H,O, is introduced into both systems at the same rate the rate 
of fermentation is the same. It appears therefore highly probable that the 
difference in fermentation rate is due to a difference in the rate of production 
of H,O, in the leaf. If the hypothesis is correct, that the production of H,O, 
is due to an enzymic oxidation of ascorbic acid, then the differences between 
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Betjan and Kharikatia are understandable if the latter is deficient in ascorbic 
acid oxidase. 

There is a certain amount of indirect evidence in favour of this hypothesis. 
The peroxidase preparation of Roberts & Sarma [1938] from tea leaf is almost 
without action on a green Jeaf infusion unless H,O, be first added. In this 
enzyme preparation the green leaf has been exhaustively extracted with alcohol 
to free it from tannin, a procedure known to inactivate ascorbic acid oxidase 
[Srinivasan, 1935]. If the peroxidase be prepared from finely ground up tea 
leaf by the method of Manskaya [1935], in which tannin is adsorbed by hide 
powder, the enzyme preparation can oxidize a green leaf infusion directly without 
the addition of H,O,. While not establishing that the factor producing H,O, is 
ascorbic acid oxidase, this observation does indicate its possibility, and definitely 
establishes the presence of a non-tan oxidase. An enzyme preparation obtained 
in this way with hide powder from Kharikatia leaf oxidizes a green leaf infusion 
directly without the addition of H,O,, but at a significantly lower rate than a 
similar preparation from Betjan leaf. 


Manometric investigation of fermentation rate 


Experimental technique. 


In determining the rates of O, uptake of fermenting tea leaf by the Barcroft- 
Warburg method it is found most convenient to take 200 mg. portions of green 
leaf or 150 mg. portions of withered leaf. Such small samples of ordinary rolled 
leaf would be very unrepresentative. However, if samples of 40-50 g. are minced 
as finely and rapidly as possible, and the resulting mince well mixed, thoroughly 
representative samples of even less than 200 mg. can be taken. O, cannot 
diffuse into this fine mince, the surface layer only undergoing fermentation. O, 
uptake is however quite rapid if the leaf is suspended in 3 ml. water and the 
vessels are shaken at a speed of 90-120 oscillations per min. Until shaking 
starts O, diffuses very slowly into the leaf, so that during preparation of the 
vessels and attainment of temperature equilibrium comparatively little oxidation 
takes place. Unless otherwise stated, all experiments are carried out at 35-5°. 
Lower thermostat temperatures than this cannot be maintained during the 
Monsoon months. Uptakes are recorded in pl. per 100 mg. tissue wet weight. 
Agreement between replicates is very good, the standard error of the mean with 
eight replications varying from 2 to 3% of the recorded uptakes. Normally all 
experiments are carried out in triplicate or quadruplicate, when differences of 
10 % or more are significant. The leaf itself contains sufficient buffering material 
to protect the system from any effects due to changes in pH. Comparable 
amounts of minced leaf were suspended in water alone and in buffers of pH 4-6, 
5-6 and 6-6 respectively. In all four cases the rate of O, uptake was the same. 


The completion of tannin oxidation in fermentation 


O, uptake is initially quite rapid, Qo, may be as high as — 20-0, but after } hr. 
shaking the rate slows down considerably and after 1 hr. the uptake has come 
almost to a standstill. If fresh enzyme be added (the hide-powder peroxidase 
preparation containing “‘non-tan”’ oxidase) in amounts roughly equivalent to 
that originally present in the fermenting leaf, no further O, uptake is stimulated. 
On the other hand, as shown in Fig. 5, after addition of fresh substrate (a green 
leaf infusion), containing the same amount of tea tannin as was contained in the 
original portion of green leaf, there is a rapid O, uptake. The falling off in the 
rate of O, uptake is therefore due to the exhaustion of substrates. Fig. 6 shows 
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the greater uptakes recorded when 10 mg. of a tea-tannin preparation (86-4 % 
pure) is added initially to the fermenting leaf. Fermentation does not come 
to a standstill till much later in this case, from which it can be concluded that 
the slowing down in the fermentation rate is due to the completion of the 
oxidation of the tannins. From the slope of the curve in Fig. 5 after the addition 
of fresh substrate it can be calculated that the enzymes in the fermented leaf 
retain about 80% of their activity. 
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Fig. 5. I, normal fermeniation; II, fresh enzyme added; Fig. f. O, uptakes during fermentation. 
III, fresh substrate added. I, fresh leaf; II, withered leaf. 


Production of COz 


During fermentation a certain amount of CO, is produced as is shown by the 
lower net uptakes when no KOH is added to the central cups in the Warburg 
vessels. Very little CO, is retained by the suspension of fermenting leaf, so that 
the differences between the recorded uptakes with and without KOH gives an 
approximate figure for the CO; evolved if allowance is made for the differences 
in the constants of the vessels for O, and CO,. 

The CO, produced in the respiration of normal leaf is largely a product of 
carbohydrate oxidation, and it is not unreasonable to assume that in fermenting 
tea leaf it has a similar origin. The R.Q. of carbohydrate oxidation to CO, is 1-0, 
so that an estimate of the O, utilized in tannin oxidation is afforded by sub- 
tracting the CO, figures from the total O, uptake. Knowing the original amount 
of tea tannin in the tea leaf from its Léwenthal titre (1 ml. VN KMnO,=0-0416 g. 
tea tannin) and assuming that Tsujimura’s [1930; 1931, 1, 2] structure of tea 
tannin, corresponding with a mol. wt. of 442 is correct, the number of atoms of O 
required by each molecule of tannin can be calculated from the O, consumed in 
tannin oxidation. To quote one case, one sample of leaf had a tannin titre of 
130-4 ml. 0-04.N KMnO, per g. dry weight, and the total O, uptake recorded per g. 
dry weight in 1 hr. after subtracting the value for carbohydrate oxidation was 
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5584 wl. If the tea tannin requires 1 atom of O per molecule the uptake would 
be 5498 yl., so that it can be concluded that in this particular case 1 atom of O 
only is required for complete oxidation. The average of six such calculations 
gives 1-08 + 0-08 O which does not differ significantly from unity. 


8 


pl. O, or CO, per 100 mg. tissue 


Minutes Minutes 


Fig. 7. I, total O, uptake; II, CO, output; Fig. 8. I and III, Betjan; 


III, O, consumed in tannin oxidation. If and IV, Kharikatia. 


There is always a marked parallelism between O, uptake and CO, output 
as is shown in Figs. 7 and 8. In the latter figure which gives the O, uptakes and 


CO, outputs of fermenting Betjan and Kharikatia leaf it will be seen that, with 
the slower-fermenting leaf, tannin takes longer to be completely oxidized and 
the rate of carbohydrate oxidation takes a correspondingly longer time to fall 
off. The ratios of the rates of tannin and carbohydrate oxidation are approxi- 
mately the same for both types of leaf. This connexion between the rates of 
carbohydrate and tannin oxidation will have to find some explanation in any 
mechanism suggested for the fermentation process. 


Identification of glucose as fermentable non-tan 


The production of CO, in amounts very nearly equivalent to half the total 
O, uptake during fermentation suggests that the non-tans which are oxidized 
during fermentation are carbohydrates. The decrease in the KMnO, titre of 
non-tans and the amount of CO, produced in fermentation are approximately 
equivalent, as is shown by the equality of the ratios 
CO, output Decrease in non-tan titre (in ml. KMnO,) 
O, uptake — Decrease in tannin +non-tan titre 


both of which are about 0-4 at the end of fermentation. 

The majority of the non-tan oxidizable matter may be extracted from green 
leaf in the following manner, advantage being taken of the precipitation of 
tannins by lead acetate. The leaf is extracted with 80% alcohol and an aliquot 
of the extract representing 20 g. of green tissue concentrated on the water bath 
to 5-10 ml. 50 ml. of water are added and the solution washed into a 250 ml. 
flask. The extract is cleared by the addition of 3 ml. saturated neutral lead 
acetate after which it is made up to 250 ml. The solution is then filtered, de-leaded 
with H,S and again filtered. Aliquots of the clear filtrate are freed from H,S 
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and are used for the determination of reducing sugars directly by the Shaffer- 
Hartmann [1925] method, results being expressed in mg. of glucose. Such an 
extract contains most of the oxidizable and all of the fermentable non-tan 
matter in green leaf, that is to say the whole of the non-tans oxidized during 
fermentation are present in this extract. 

During fermentation there is a fall in the reducing sugar content of the leaf. 
Fresh green leaf in one experiment contained 3-12 °% reducing sugar as glucose 
while the same leaf after fermentation contained only 1-40% glucose. Both 
figures are expressed on a dry weight basis. Further evidence for the carbo- 
hydrate nature of the non-tan fermentable matter is its fermentation by yeast. 
CO, is produced at the same rate both from this extract and from a glucose 
solution of comparable strength. The reducing substance in the extract has been 
identified as glucose by the isolation in high yield of its osazone. It may there- 
fore be concluded that the non-tan oxidizable matter which is oxidized in the 
fermentation of tea is glucose. 


Ascorbic acid and tea fermentation 


Tea tannin which seriously interferes with methods of ascorbic acid deter- 
mination may be removed by addition of neutral lead acetate to a green leaf 
infusion. The ascorbic acid in the filtrate may then be determined by the method 
of Stevens [1938] in which 20 ml. of the solution are titrated with N/100 I, after 
the addition of 4 ml. 12N H,SO,. Such estimations of the ascorbic acid content 
of green leaf indicate that 1 g. of fresh green leaf contains about 1 mg. ascorbic 
acid, but this must be regarded as a preliminary figure only. If excess ascorbic 
acid be added to the green leaf infusion the whole of this excess is found in the 
lead acetate filtrate, so that the above method can be employed to determine 
changes in ascorbic acid added to tea juice. 

20 ml. of expressed tea leaf juice were mixed with 20 ml. of a 0-44 % solution 
of ascorbic acid and diluted to 100 ml. A further 20 ml. portion of juice was 
diluted with water and boiled for 5 min. after which 20 ml. of the ascorbic acid 
solution were added and the volume made up to 100ml. Both mixtures were 
incubated for 1 hr. at room temperature (30°) with frequent shaking. Tea tannin 
was then removed by the addition of 5 ml. saturated lead acetate and ascorbic 
acid determined iodimetrically in 20 ml. portions of both solutions, and in a 
control portion of the original ascorbic acid solution treated in the same way with 
lead acetate. 


Table VIII 
ml, V/100 I, 
Control 19-1 
Ascorbic acid + boiled tea juice 12-7 
Ascorbic acid + unboiled tea juice 2-9 


The unboiled tea juice brings about a much greater oxidation of ascorbic 
acid, which is evidence for the presence of a thermolabile catalyst of ascorbic 
acid oxidation in the tea leaf. 

Addition of excess ascorbic acid to fermenting leaf has no significant effect 
on the rate of O, uptake, as is shown in Fig. 9. This rate however is maintained 
for a longer period and the total uptake is greater by an amount approximately 
equivalent to the ascorbic acid added. 1-60 mg. of ascorbic acid were added for 
each 100 mg. of fermenting leaf. This quantity of ascorbic acid requires 102 ul. O, 
for complete oxidation and the increase recorded is 90 yl. which is in sufficiently 
close agreement. 
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For some 20-25 min. no CO, is produced whatever, indicating that no carbo- 
hydrate breakdown is taking place. During the same period the leaf remains 
bright green and there is no significant fall in its tannin titre. It was shown in the 
previous communication that such concentrations of ascorbic acid completely 
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Fig. 9. I and III, normal fermentation; II and IV, Do. + excess ascorbic acid. 


inhibit peroxidase activity, so that it must be concluded that during this initial 
period of 20 min. the ascorbic acid inhibits both tannin and carbohydrate 
oxidation. The O, uptake during this period is 105 yl., just equivalent to the 
excess ascorbic acid added, and one is justified in concluding that when such 
excess of ascorbic acid is present it is oxidized away, after which tannin and 
carbohydrate oxidation can take place as usual. During this period of ascorbic 
acid oxidation the rate of O, uptake is exactly the same as it is in normal 
fermentation. From this it can be concluded that the rate we are measuring in 
all manometric experiments on fermentation is that of the enzymic oxidation of 
ascorbic acid. The same experiment provides conclusive evidence of the role of 
ascorbic acid in fermentation and confirms the earlier conclusion that the rate of 
fermentation would prove to be the same as the rate of production of H,Q,. 
H,0, is of course produced in the aerobic oxidation of ascorbic acid. 


CoO | co 
| j 
. OH O CoO O 
| | +0,— | +H,0, 
C.OH | CO 
| | | 
HC.——_ HC 
| | 
HOCH HOCH 
| | 
CH,OH CH,OH 


The hypothesis that Kharikatia leaf contains less ascorbic acid oxidase than 
Betjan can now be tested. As shown in Fig. 8, Kharikatia has a lower rate of O, 
uptake and hence it produces H,O, at a lower rate. If the fermenting leaf from 
both “jats” be saturated with ascorbic acid (1-76 mg. per 100 mg. leaf) these 
differences in the rate of O, uptake should persist. The initial rates of O, uptake, 
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where the only reaction taking place is ascorbic acid oxidation, are quite different 
in the two cases, as shown in Fig. 10. As the substrate concentration is the same 
in both cases it must be concluded that the difference must lie in their ascorbic 
acid oxidase contents. 
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Fig. 10. I, Kharikatia + excess ascorbic acid; II, Betjan + excess ascorbic acid. 


Variation of fermentation rate with amount of leaf 


Normally when measuring the rate of O, uptake of respiring tissues the rate 
per unit weight of tissue is independent of the amount of tissue taken and of the 
volume of liquid in which the tissue is suspended as the reactions studied are 
surface reactions and not homogeneous. 

In the particular case under consideration here, however, such variations 
have a significant effect on the rate of O, uptake. The smaller the amount of 
leaf taken the more rapid is the rate of the reaction per unit weight of tissue. 
It is therefore important to ensure that the same amount of leaf is taken for 
every experiment. Variations of 10 mg. in the amount of leaf weighed out are 
permissible, but greater deviations than this produce significant variations in the 
O, uptake. 

Table IX gives the O, uptakes per 100 mg. leaf when quantities of 100 and 
250 mg. of leaf undergo fermentation. 


Table IX 
Wt. of leaf 
mg. 15 min. 30 min. 45 min. 60 min. 
250 99 182 204 213 


100 132 190 204 209 
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Further investigation of this effect shows that, with smaller amounts of 
tissue, while tannin oxidation proceeds relatively faster carbohydrate oxidation 
is slowed down. 


Table X 
Wt. of leaf 
mg. 15 min. 30 min. 45 min. 60 min. 
100 Tannin 84 110 107 111 
Carbohydrate 23 35 44 51 
200 Tannin 60 102 117 122 
Carbohydrate 33 55 59 63 


The figures give the O, uptakes in pl. per 100 mg. fresh green leaf for tannin 
and carbohydrate oxidation respectively. 


Discussion 

There seems to be no doubt that the first stage in the fermentation of tea 
is the enzymic oxidation of ascorbic acid, with the formation of dehydroascorbic 
acid and H,O,. Peroxidase and H,O, then oxidize the tea tannin. As each 
molecule of tea tannin takes up 1 atom of O only in its oxidation, and tea tannin 
contains the catechol grouping, the primary product of oxidation of tea tannin 
is most probably an o-quinone. 

There is ample evidence that the primary product of oxidation undergoes 
irreversible condensations to form a series of products whose colours range from 
bright reddish-brown to dark brown. This subject will form the basis of a further 
communication at a later date. Meanwhile it can be taken that the o-quinone 
from tea tannin can be removed from the sphere of action by condensation. 

The dehydroascorbic acid is an effective H-acceptor and will function as 
such in the dehydrogenations taking place during the oxidative breakdown of 
carbohydrates, the ascorbic acid being reformed in the process. A continuous 
regeneration of ascorbic acid must necessarily take place as about 20 mol. of 
tea tannin are oxidized for every mol. of ascorbic acid present in the leaf. 

This scheme however fails to account for all the observed facts. There is no 
reason why carbohydrate oxidation should slow down when tannin oxidation has 
come to a standstill as the catalase in the leaf could deal with the H,O, produced 
in the first stage of the process and prevent its rising to toxic concentrations. 
Further, all the reactions involved are enzymic and are thus heterogeneous, so 
that no explanation of the variations in fermentation rate with the amount of 
leaf taken can be advanced. 

The simple scheme outlined above takes no account of the possible inter- 
action between ascorbic acid and the primary oxidation product of tea tannin. 

Ascorbic acid + 0-quinone — dehydroascorbic acid + catechol. 


When this is considered it will be seen that two possible fates await the o- 
quinone on its formation. It can undergo an irreversible condensation or it can 
be reduced again to tea tannin by ascorbic acid. 

The concentration at any moment of dehydroascorbic acid, on which the 
rate of carbohydrate oxidation depends, will therefore be determined partly by 
the concentration of the o-quinone. When tannin oxidation approaches com- 
pletion the concentration of o-quinone will fall and with it the rate of oxidation 
of carbohydrate. The parallelism between tannin and carbohydrate oxidation 
can therefore be deduced as a necessary consequence of this reaction between 
ascorbic acid and the o-quinone. 

This reaction is both homogeneous and bimolecular. If less than the normal 
weight of tissue be suspended in the normal volume of water in the Warburg 
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vessels the mass action effect will be to increase the relative concentration of 
the o-quinone and to decrease that of the dehydroascorbic acid. The net result 
will be to accelerate the complete transformation of tea tannin into its oxidized 
and condensed products and to decrease the rate of carbohydrate oxidation. 
We may therefore write down the complete reaction scheme for fermentation 


as follows. 
ascorbic acid oxidase 


(1) Ascorbic acid + 0, ———————-> dehydroascorbic acid + H,O,. 


peroxidase 
— tannin o-quinone. 





(2) H,O,+tea tannin 
(3) o-Quinone > condensation products. 
(4) o-Quinone + ascorbic acid > tea tannin + dehydroascorbic acid. 


zymase 


(5) Dehydroascorbic acid + glucose —— CO, + ascorbic acid. 


The “‘fermentation”’ of tea, like the browning of various other plant tissues 
on injury, is a case of decompensated respiration, and it should be possible to 
arrive at the mechanism of the true respiratory process in the tea leaf from a 
consideration of the ‘‘fermentation”’. 

Respiration differs from ‘‘fermentation” in that the net change in the 
respiration process is the oxidation of carbohydrates to CO,. No permanent 
changes in the tannins or other catechols take place. 

If tea tannin can participate in normal respiration some explanation of its 
stability under these conditions must be found. While the R.Q. of respiring leaf is 
1-0 that of fermenting leaf is initially about 0-3. Animal tissues show a similar 
fall in R.Q. after extensive damage. Thus the R.Q. of liver slices is 0-79, but 
finely minced ox-liver has an R.Q. of 0-37 as shown by Roberts [1936]. Further, 
the O, uptake of this finely minced liver was shown to be due almost entirely to 
purine base oxidation by xanthine oxidase. Unlike most dehydrogenases this 
enzyme can utilize molecular O, without the aid of a coenzyme, so that it would 
appear that the predominance of purine base oxidation in minced liver is due to 
a dispersal of coenzymes in the mincing process, leaving xanthine oxidase alone, 
with its full activity. A similar dispersion of coenzymes would be expected to 
follow the extensive damage done to tea leaf in the rollers or on mincing. The 
result of such a dispersion would be a slowing down of the dehydrogenations 
in which dehydroascorbic acid functions as the H-acceptor, and a consequent 
accumulation of dehydroascorbic acid in the system. This in its turn would 
involve a lower concentration of ascorbic acid and consequently a slower re- 
duction of the o-quinone to tea tannin. If the o-quinone is not reduced as soon 
as it is formed it can then undergo further irreversible changes into condensation 
products and this process will continue until the whole of the tannin has been 
removed from the system. 

Under this scheme respiration and fermentation differ only in the velocity 
of dehydrogenations taking place in carbohydrate breakdown. 

The difficulty which stands in the way of accepting tea tannin as an O, 
carrier in normal respiration is its high concentration, accounting as it does for 
about 20% of the totai solid matter in the green leaf. Quercitrin also occurs in 
the tea leaf and in concentrations far more like those of O, carriers. In this case 
quercitrin would be the catechol compound oxidized by peroxidase in normal 
respiration, and tannin would be involved in the reactions only after damage to 
the tissue had permitted it to mingle with the other constituents of the respira- 


tion cycle. 
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It is at the moment impossible to decide between these two hypotheses but 
some observations of Mr C. J. Harrison favour the former. If green leaf is 
exposed to CHCl, vapour the leaf reddens and takes up O, very rapidly. This 
observation is readily explained by a greater sensitivity of dehydrogenases to the 
toxic effect of CHCl,. The consequent partial inhibition of carbohydrate oxida- 
tion would be expected on the above theory to lead to the production of con- 
densation products of tannin and this is in fact observed. If green leaf is heated 
to 100° all the enzymes are inactivated and the leaf remains green. If, on the 
other hand, leaf is kept at 40-50° it reddens. This reddening can be accounted 
for in the same way as the reddening after exposure to CHCl, vapour. The 
dehydrogenases are more susceptible to the inactivating effect of heat than the 
other enzymes concerned in respiration, so that moderately high temperatures, 
by a greater inhibition of carbohydrate oxidation, might be expected to cause 
some decompensation in respiration with a resulting formation of tannin con- 
densation products. 

SuMMARY 


A complete reaction scheme for the fermentation process is deduced from 
the experimental data available. The H,O, necessary for the oxidation of tea 
tannin by peroxidase originates in the aerobic oxidation of ascorbic acid, and 
this reaction controls the rate of the whole process. A shortage of ascorbic acid 
oxidase, as in the case of the Kharikatia leaf, results in a slower rate of fer- 
mentation. 

The oxidizable non-tan which decreases during fermentation is identified 
with glucose. Dehydroascorbic acid functions as the H-acceptor in the oxidative 
breakdown of the latter. 

One atom of O only is taken up per molecule of tea tannin during fermenta- 
tion. The oxidation product then undergoes an irreversible change into con- 
densation products. 

The relation of the fermentation process to normal respiration is discussed. 


The author wishes to express his thanks to Mr P. H. Carpenter, Chief 
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and advice during the course of this work, and to the Indian Tea Association 
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and Mr P. B. Sen Gupta for their skilful assistance. 
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CORRECTION 
In the first paper of this series Biochem. J. 32, 1821, line 41, delete “infusion”. 





CV. THE NUTRITIVE VALUE OF 
WHEATEN PRODUCTS 


By N. PALMER 
From the Research Laboratory, Hovis Ltd., London, S.W. 1 


(Received 23 March 1939) 


WHEATEN products used as flour and bread are generally held to be of low 
nutritive value apart from their capacity to supply energy. It is certainly true 
that rats cannot be kept in good health or even alive for any length of time on a 
diet of bread alone. If the bread is made of white patent flour there is no growth 
at all and the animals die after 2 months. When the bread is made of 3 parts of 
white flour and 1 part of germ, constituting a foodstuff rich in the vitamin B 
complex, growth occurs for a time, but ceases after about 2 months and after 
another 2 months the animal dies (Fig. 1). This nutritive failure is attributed 
mainly to the low biological value of the proteins of wheat. We found, however, 
that rats could live and grow for many months in apparently good health on a 
diet composed almost entirely of wheaten products, namely, white flour to which 
sufficient wheat germ had been added to give an adequate supply of the vitamin 
B complex (3 parts of flour and 1 part of germ) and in which the abnormal 
Ca/P ratio of 1:9 had been corrected by the addition of 3°% calcium lactate, 
to produce a Ca/P ratio of 1: 0-45. 
The average mineral content of a germ-flour mixture is as follows: 
% in 
moist flour 

CaO 0-04 

P.O; 0-65 

MgO 0-16 

K,O 0-28 

NaCl 1-53 

Fe 0-002 

The remarkable improvement in the nutritive value of a germ-white flour 
mixture brought about by correcting the unfavourable Ca/P ratio by the 
addition of calcium lactate does not take place when calcium lactate is added 
to white flour alone. On this latter diet the rats show only a slight initial growth 
and die after about 2 months with deficiency symptoms just as they do on a 
diet of white flour alone. This difference is illustrated in Figs. 2 and 3, which 
represent typical growth curves of individual animals. 

The following experiments were carried out in order to study in some detail 
the nutritive value of a diet composed entirely of wheaten products with a 
corrected Ca/P ratio. The plan of these experiments was to test the length of 
survival of male and female rats kept on a germ-white flour-calcium lactate diet 
and to determine whether it interfered with breeding and with the rearing of 
the young. In this way it seemed possible to obtain some direct evidence of the 
nutritive value or defects of the proteins of wheat and of wheaten cereals as a 
whole. 

White Wistar rats bred in the laboratory were selected for these experiments 
as they were found to give good indications of rickets and grew well on the usual 
rachitic diet. Coloured rats of unknown origin, which, when fed on the same 
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rachitic diet did not grow well and in some cases died after 3-4 weeks, did not 
give equally consistent results. The food mixture was mixed with tap water. 
In each experiment one male and two female rats were kept together in one 
cage. Many of the females became pregnant and littered. Of the newly born 
rats many died ; the survivors, after having been weaned, were at once put on the 
flour germ-calcium lactate diet. When they had reached sexual maturity they 
were again divided into groups of one male and two females for each box, in 
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Fig. 1. Germ bread and white bread. Fig. 3. White flour + NaCl+3% calcium 
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Fig. 2. Germ flour +3% calcium lactate. e—e; 2 o—o; @ x—x. 
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order to see whether breeding from them could be continued on this diet. This 
was successful in a number of experiments. Thus, in Exp. 512 (Table I) two 
litters were obtained, of which 10 rats survived weaning and lived for 9 months 
or more on the cereal diet. A similar result was obtained in Exps. 549, 560 and 
561 in which 17 young rats survived weaning. Of these rats, 1 lived for 8 months 
and 4 for 12 months on the cereal diet. The maximal weights of these 4 rats were 
235 and 170 g. for two males, 220 and 160 g. for two females. They lost in weight 
eventually and were killed. One of the female rats (no. 1819) had 3 litters of 
7, 7 and 8 young respectively, all of which, however, died or were eaten by the 
mother; the other rat (no. 1820) had one litter, all the members of which were 
eaten by the mother. 

The results of the breeding experiments are collected in Table I. It is evident 
from the experiments that a diet composed entirely of wheaten products, in 
which the Ca/P ratio is corrected, is of a sufficiently high nutritive value to 
enable the animals not only to live and to grow, but also to reach sexual maturity, 
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Table I. Breeding records 
No. of young in litter 
a ee 


Exp. no. Rat no. 1 2 3 Remarks 
374 1204 7 _— — None survived 
380 1228 2 -— = s 
512 1625 5 — — 5 survived ) Survivors grouped to form 
1626 7 — — 5 survived; Exps. 550, 551. No young 
J obtained 
_ 549 1731 9 — — 9 survived 
1732 3 _— — 2 survived 
560 1758 4 — — None survived | Survivors grouped to form 
1759 5 _— — 4 survived Exp. 580 
561 1761 2 — — 2 survived 
1762 5 ~- — None survived 
580 1819 7 7 8 Third generation, none survived 
1820 ? —_— — None survived 
653 2043 5 + _ * 


Table II. Survival periods of 21 rats 


Months ase 4 5 6 7 8 9 10 11 


No. of rats surviving 18 16 15 14 ll 8 8 7 
after period shown 
(all lived at least 
4 months) 


13 24 


ae 
~ 
~ 
= 


to breed and, in some cases, to suckle the young. This second generation can 
then again be reared on the diet and can breed, but so far we have not suc- 
ceeded in rearing a third generation on this cereal diet. 

Another method for testing the nutritive value of this diet was to determine 
the period of survival of rats kept on the diet. The results are given in Table IT. 
The maximum age of the albino rat is, according to Donaldson, 3 years. There 
are apparently no observations on record concerning the mortality of rats on 
different diets composed of single natural foodstuffs, so that a comparison is not 
possible. Table II shows that the diet, while not an optimum one, enables all the 
animals to reach sexual maturity and about 30% to live for a year or longer. 
The bones were well formed, as the following analyses show: bone ash in dry, 
fat-extracted bone, 60-7 %. The bone ash from the bones of a similar rat fed on 
a normal mixed diet was found to be 56-3°%. None of the rats observed in our 
experiments developed rickets, xerophthalmia or septic glands. The lungs were 
normal except that in some of the animals kept on the diet for a year or more, 
there was a moderate degree of the septic bronchiectasis characteristic of a 
deficiency of vitamin A. Nor could the cause of death in this series be identified 
with any specific lesion which could be referred to an inadequacy of the protein 
or to any other defect of the diet. The causes of death appeared to be 
various intercurrent diseases. These diseases affected the body-weights, which 
declined during the last few weeks before death. 

In order to search for the presence of any specific lesion which might be 
obscured by the diseases which killed the animals in the preceding series, a large 
number of rats were placed on the diet and killed at intervals while apparently 
still well. Table III contains data concerning the sex, age and increase in weight 
of the rats observed in this series. No specific lesion was found in these animals. 
A further experiment to test the survival was carried out with 6 young rats. Of 
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Table III. Records of rats killed after varying periods on diet 














Months ... 2 3 4 5 6 7 8 9 10 =i 12 13 24 
Maximal weights, gz. 130 110 190 190 190 210 — 285 200 185 235 255 280 
120 100 145 — 240 240 — 195 150 — 170 205 — 
125 120 165 — 160 210 — 17 — — 210 205 — 
1200 — 130 — 130 — — — ~— — 10 — — 
— a 
Sex and no. F4 F3 M1 Fl M2 M3 — M1 M1 M1 M2 M1 Mi 
— — F4 — F2 — — F2 Fl — F2 F2 — 
eo 
ob 
Weeks Weeks 
Fig. 4. Raw steak. 3 e—e; Fig. 5. Raw steak +5-5% calcium lactate 
Q x—x; 2 o—°. Ca:P::1:0-5. ¢ e—e; 2 x—x; 2 o—0. 
160 Killed 
140 ee 
120 ee Died 
oo . 100 Killed 
80 
60 
40 
20' 
Weeks Weeks 
Fig. 6. White bread + 30 % raw steak. Fig. 7. Germ bread +30 % raw steak. 
gd e—e; 2 x—x; 2 0-0 do e—e; 9 x—x; Qo—o. 
280 — 
260 fe 
240 
220 
200 
180 
. 160 4 
* 140 ™ 
120 
100 
80 
60 
40 
20 
Weeks Weeks 
Fig. 8. Germ bread +30 % cheese. Fig. 9. White bread + 30% cheese. 
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these, 1 died after 4 months, 1 after 5 months, 1 after 10 months, while 2 rats 
were alive after 11 months. 

For comparison, similar experiments were carried out with another im- 
portant foodstuff, namely meat, the proteins of which are supposed to have a 
higher biological value than the proteins of wheat. The growth charts show the 
following results. 

Meat alone was unable to maintain growth or even life for more than 5 weeks 
(Fig. 4). When the Ca/P ratio of meat, which is even below that of bread, having 
the value 1/20, was corrected by the addition of 5-5 °% calcium lactate to bring 
the Ca/P ratio to the value of 1/0-5, there was a temporary period of growth 
which ceased after 10 weeks. The animals continued to live for 6 months, but 
lost in weight, looked ill and emaciated and were then killed (Fig. 5). The 
nutritive value of meat alone, as tested by this method, is therefore inferior to 
that of the wheaten cereal mixture. On a diet of 2 parts of white bread and 
1 part of meat, the animals did almost as badly as on white bread alone (Fig. 6), 
while the diet of germ bread and meat prolonged life, without, however, allowing 
of a survival as long as the diet of germ flour and calcium lactate. Growth 
soon became stationary, the animals declined in weight and their condition 
deteriorated, so that they had to be killed after 23 weeks (Fig. 7). It should be 
noted that the Ca/P ratio 1/12 of this diet is below that of bread alone and, 
therefore, more unfavourable. 

On the other hand, a diet of bread and milk, or bread and cheese gave 
excellent results, even when white bread was used. The rats grew rapidly and 
produced several litters (Figs. 8 and 9) and after 12 months the animals are still 
alive and in excellent condition. 


SUMMARY 


On a diet composed entirely of wheat cereals, namely white flour and germ, 
a vigorous strain of rats will grow progressively, reach sexual maturity, remain 
in good health for many months and will breed, provided that the unfavourably 
low Ca/P ratio of this diet has been corrected by the addition of calcium lactate 
in such an amount as to produce a Ca/P ratio of 1: 0-5. On such a diet some rats 
have been kept alive for a year or more. If the Ca/P ratio is not corrected, 
growth proceeds for a month only and then ceases and all thé animals die within 
3—4 months. 

The addition of calcium chloride or of calcium carbonate does not give such 
good results, whilst calcium citrate is as effective as calcium lactate. 

These results show that the nutritive value of the wheaten cereal mixture 
used in these experiments is very high. The proteins of wheaten cereals have, 
therefore, a much higher biological value than has been attributed to them 
hitherto. The cereal mixture contains a potential supply of vitamin A in the form 
of carotene, but the amount is not sufficient to afford complete protection when 
the diet is given over long periods. This is confirmed by figures given by Copping 
[1939]. Using rats as test objects, the main defect of cereals is the low amount of 
‘alcium and probably also of iodine. When this is corrected the mineral content 
is adequate. 

In a diet composed of natural foodstuffs, the main nutritional defects of 
cereals are corrected by the addition of milk and its products, butter and cheese. 
Milk and cheese are among the few foodstuffs rich in calcium. They are also rich 
in vitamin A, and so is butter. Milk and its products represent, therefore, the 
rational dietetic complement to cereals, while the combination of meat with 
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cereals is of doubtful nutritive value, since it aggravates the disproportion of 
calcium and phosphorus. For the human dietary, which requires an extraneous 
supply of vitamin C, the inclusion of foodstuffs rich in vitamin C—vegetables 


and fruits—is required. 


The experiments were carried out at the suggestion and under the supervision 
of Dr W. Cramer. 
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